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ABSTRACT
The t r a j e c t o r y  p r o b l e m  i s  exam in e d  i n  s e v e r a l  c r u d e ,  
c o m p o s i t e  m o d e l s  and  e v i d e n c e  o f  s p i n - i s o s p i n  c o r r e l a t i o n s  
i n  t h e  b a r y o n  r e s o n a n c e  s p e c t r u m  i s  p r e s e n t e d ;  and  i t  i s  
shown t h a t  t h i s  b e h a v i o r  may be r e p r o d u c e d  i n  an  ad_ hoc 
p h e n o m e n o l o g i c a l  mass o p e r a t o r  m o d e l .  C e r t a i n  f e a t u r e s  o f  
t h e s e  m ode ls  a r e  a b s t r a c t e d  and  i n c o r p o r a t e d  i n  a  more 
g e n e r a l  model  i n  w h ic h  b a r y o n s  a r e  c o n s i d e r e d  a s  c o n s i s t i n g  
o f  a  c l o u d  and c o r e  s t r u c t u r e .  Some o f  t h e  g l o b a l  f e a t u r e s  
o f  h i g h  e n e r g y  s c a t t e r i n g  e x p e r i m e n t s  a r e  i n v e s t i g a t e d  i n  
t h i s  c l o u d  model  i n  a d d i t i o n  t o  t h e  t r a j e c t o r y  p r o b l e m  and 
t h e  s p i n - i s o s p i n  c o r r e l a t i o n s .  F i n a l l y ,  a  m u l t i - l o c a l  f i e l d  
t h e o r y  o f  t h e  Yukawa t y p e ,  e m p lo y in g  a mass s q u a r e d  o p e r a t o r  
i s  i n v e s t i g a t e d .  The t r a j e c t o r y  p r o b le m  i s  exam in ed  f o r  a 
s i m p l e  model  mass  o p e r a t o r .  Form f a c t o r s  and v e r t e x  
f u n c t i o n s  a r e  c a l c u l a t e d  a n d  t h e i r  e f f e c t s  on h i g h  e n e r g y  
e l a s t i c  s c a t t e r i n g  a r e  e x a m in e d .  The model  mass o p e r a t o r  i s  
l i n e a r i z e d  and  a D i r a c - l i k e  e q u a t i o n  i s  o b t a i n e d .  The 
r e s u l t s  a r e  t h e n  d i s c u s s e d .
v
CHAPTER 1
TENTATIVE TRAJECTORY MODELS AND SPIN-ISOSPIN
CORRELATIONS
S e c t i o n  1 . 1 . I n t r o d u c t i o n .
I n  r e c e n t  y e a r s ,  w i t h  t h e  a d v e n t  o f  h i g h - e n e r g y  
a c c e l e r a t o r s  a nd  on l i n e  c o m p u te r  t e c h n i q u e s ,  t h e  e x p e r i m e n ­
t a l  d a t a  c o n c e r n i n g  t h e  e l e m e n t a r y  p a r t i c l e s  h a s  grown 
s u b s t a n t i a l l y ;  so  t h a t  we a r e  now i n  p o s s e s s i o n  o f  a  l a r g e  
body o f  i n f o r m a t i o n  c o n c e r n i n g  t h e i r  quan tum  n u m b e r s ,  mass 
l e v e l s ,  c r o s s  s e c t i o n s ,  m a g n e t i c  m om ents ,  e t c .  T h ese  
e x p e r i m e n t s  h a v e  r e v e a l e d  t h a t  e l e m e n t a r y  p a r t i c l e s  a r e  com­
p l e x ,  s t r u c t u r e d  o b j e c t s .  I n  s p i t e  o f  t h i s  complex  
s t r u c t u r e  some r e g u l a r  f e a t u r e s  among t h e i r  p r o p e r t i e s  hav e  
e m e rg e d .  P e r h a p s  t h e  m ost  s t r i k i n g  r e g u l a r i t y ,  w h ich  now 
seem s f i r m l y  e s t a b l i s h e d  i s  t h a t  t h e  s t r o n g l y  i n t e r a c t i n g  
p a r t i c l e s  and  t h e i r  e x c i t e d  s t a t e s  l i e  a l o n g  l i n e a r  
t r a j e c t o r i e s ,  i . e . ,  t h e i r  mass l e v e l s  obey r e l a t i o n s  o f  t h e  
fo rm
M2 = a J  + b
w h e re  J  i s  t h e  s p i n  q uan tum  number and  a and  b a r e  c o n s t a n t s .  
T h i s  s i m p l e  r u l e  was f i r s t  p o i n t e d  o u t  by Chew and P r a u t s c h i ^  
a s  e a r l y  a s  1961.  T h i s  r e l a t i o n  i s  a p p a r e n t l y  dynam ic  i n  
o r i g i n  and  an  a d e q u a t e  t h e o r e t i c a l  u n d e r s t a n d i n g  would  
u n d o u b t a b l y  s h e d  some l i g h t  on t h e  i n t e r n a l  s t r u c t u r e  and
1
2
dynam ics  o f  t h e  s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s .
A se c o n d  r e g u l a r  f e a t u r e  a p p a r e n t l y  c l o s e l y  c o n n e c t e d
p
t o  t h e  r e l a t i o n s h i p  above  h a s  b e en  r e c e n t l y  p o i n t e d  o u t .
Of t h e  f o r t y - e i g h t  b a r y o n  r e s o n a n c e s  l i s t e d  i n  t h e  t a b l e  o f
R o s e n f e l d ,  e t  a l . , t h i r t y - s e v e n  h a v e  b e e n  g i v e n  I ( J P )
a s s i g n m e n t s .  I f  t h e s e  a r e  s u p p l e m e n t e d  by a s s i g n m e n t s  g i v e n
i n  p r e v i o u s  l i s t i n g s  on t h e  b a s i s  o f  t h e  Regge r e - o c c u r a n c e
h y p o t h e s i s ,  t h e n  f o r t y - t h r e e  may be  g i v e n  I ( J P ) a s s i g n m e n t s .
2The f o r t y - t h r e e  r e s o n a n c e s  h a v e  b e e n  p l o t t e d  on a n  M v e r s u s  
| J —I |  p l o t  i n  P i g .  I ;  w here  t h e  r e s o n a n c e s  l i s t e d  i n  R e f .  3 
b u t  g i v e n  I ( J P ) a s s i g n m e n t s  on t h e  b a s i s  o f  p r e v i o u s  l i s t i n g s  
a r e  d e s i g n a t e d  by an  a s t e r i k .  From t h e  f i g u r e  t h e  f o l l o w i n g  
f e a t u r e s  may be  o b s e r v e d :
(1 )  E l e v e n  r e s o n a n c e s  a p p e a r  t o  l i e  a l o n g  s t r a i g h t  
l i n e  A and  t h i r t e e n  a p p e a r  t o  l i e  a l o n g  l i n e  B. I f  we a r e  
a l l o w e d  t o  c o u n t  p a r t i c l e s  c l o s e  t o  a  l i n e ,  t h e n  n i n e t e e n  
r e s o n a n c e s  a r e  a l o n g  B.
(2 )  T h e re  a r e  t w e n t y - f o u r  r e s o n a n c e s  w i t h  i n t e g r a l  
| J —I |  and w i t h  e i g h t  e x c e p t i o n s ,  s i x  o f  w h ic h  do n o t  l i e  
a l o n g  any o f  t h e  l i n e s ,  t h e  p a r t i c l e s  w i t h  e v e n  | J —11 have  
e v e n  p a r i t i e s  and t h o s e  w i t h  odd | J —I j  h a v e  odd p a r i t i e s .
The d i f f e r e n c e  | J - l |  h a s  p l a y e d  an i m p o r t a n t  r o l e  i n
t h e  K y c i a - R i l e y  r e l a t i o n s  and t h i s  was o u r  m o t i v a t i o n  f o r
2p l o t t i n g  M v e r s u s  | J —I  | . T h e r e  i s  no a  p r i o r i  r e a s o n  t o  
e x p e c t  t h i s  k i n d  o f  r e g u l a r i t y  and t h e  r e g u l a r i t y  may be  
o n l y  a p p a r e n t ,  t h a t  i s ,  r e f l e c t  some a c c i d e n t a l  f e a t u r e s .
3
However ,  we f e e l  t h a t  t h i s  r e g u l a r i t y  r e f l e c t s  t h e  c h a r a c t e r  
o f  t h e  u n d e r l i n i n g  h a d r o n  d y n a m ic s .
O t h e r  r e g u l a r  f e a t u r e s  have  b e e n  o b s e r v e d  i n  h i g h - e n e r g y  
l a r g e  a n g l e  e l a s t i c  s c a t t e r i n g  and e m p i r i c a l  f i t s  o f  t h i s  
d a t a  o v e r  a  w ide  r a n g e  o f  e n e r g i e s  a r e  now a v a i l a b l e .  Here  
a g a i n  we w ou ld  s u s p e c t  t h a t  t h i s  d a t a  r e f l e c t s  t h e  d y n a m ics  
o f  s m a l l  s p a c e  t im e  s e p a r a t i o n s  and  t h u s  p r o v i d e s  u s  w i t h  
i n f o r m a t i o n  w h ich  i s  s e n s i t i v e  to. t h e  d e t a i l s  o f  t h e  i n t e r n a l  
s t r u c t u r e  o f  t h e  p a r t i c l e s .
I n  o r d e r  t o  r e l a t e  t h i s  d a t a  t o  t h e  n a t u r e  o f  t h e  
s u b - n u c l e a r  m a t t e r  c o m p r i s i n g  t h e  e l e m e n t a r y  p a r t i c l e s ,  a 
t h e o r e t i c a l  f ram ew ork  must  be  p r o v i d e d  w h ic h  w i l l  a l l o w  us  
t o  make d e f i n i t e  a s s u m p t i o n s  a s  t o  t h e  i n t e r n a l  d y n a m ic s  o f  
p a r t i c l e s  and a t  t h e  same t i m e  i s  s u f f i c i e n t l y  m a n a g e a b le  
m a t h e m a t i c a l l y ,  t h a t  t h e s e  a s s u m p t i o n s ‘may be com pared  w i t h  
e x p e r i m e n t .  The n eed  f o r  su c h  a  t h e o r e t i c a l  f r am e w o rk  was 
n e v e r  more a p p a r e n t  t h a n  t o d a y  w i t h  a w h o le  new e n e r g y  r a n g e  
b e i n g  o p e n ed  up a t  CERN and NAL.
A s e c o n d  p ro b lem  o f  a p p a r e n t  i m p o r t a n c e ,  i s  t h e  
e s t a b l i s h m e n t  o f  some common m a t h e m a t i c a l  f ram ew o rk  i n  w h ich  
t h e  s e e m i n g l y  d i v e r s e  a s p e c t s  o f  c u r r e n t  t h e o r e t i c a l  
f o r m a l i s m  may be  r e l a t e d .
I n  t h e  f o l l o w i n g  s e c t i o n s  a p r e l i m i n a r y  s u r v e y  o f  
s e v e r a l  s i m p l e  m odels  o f  p a r t i c l e  s t r u c t u r e  i s  c o n d u c t e d  w i t h  
an eye  t o  t h e  d e v e lo p m e n t  o f  s u c h  t h e o r e t i c a l  f o r m a l i s m s .  I n  
t h e  r e m a i n d e r  o f  t h e  p r e s e n t  c h a p t e r  t h e  t r a j e c t o r y  p r o b le m
4
i s  ex am ined  i n  two c r u d e  c o m p o s i t e  m o d e ls  and t h e  
s p i n - i s o s p i n  c o r r e l a t i o n s  a r e  i n v e s t i g a t e d  i n  an ad  hoc  
p h e n o m e n o l o g i c a l  mass o p e r a t o r  m o de l .  C e r t a i n  a s p e c t s  o f  
t h e s e  m od e ls  a r e  a b s t r a c t e d  and  i n c o r p o r a t e d  i n  a  more 
g e n e r a l  model  i n  c h a p t e r  two where  p a r t i c l e s  a r e  v ie w e d  a s  
h a v i n g  a c l o u d - c o r e  s t r u c t u r e .  Some o f  t h e  g l o b a l  f e a t u r e s  
o f  h i g h  e n e r g y  s c a t t e r i n g  e x p e r i m e n t s  a r e  i n v e s t i g a t e d  i n  
t h i s  c l o u d  model i n  a d d i t i o n  t o  t h e  t r a j e c t o r y  p r o b le m  and  
t h e  s p i n - i s o s p i n  c o r r e l a t i o n s .  I n  c h a p t e r  t h r e e  a m u l t i ­
l o c a l  f i e l d  t h e o r y  o f  t h e  Yukawa^ t y p e ,  e m p lo y in g  a mass 
s q u a r e d  o p e r a t o r  i s  i n v e s t i g a t e d .  The t r a j e c t o r y  p r o b l e m  i s  
ex am in e d  f o r  a s i m p l e  model  mass o p e r a t o r .  Form f a c t o r s  and  
v e r t e x  f u n c t i o n s  a r e  c a l c u l a t e d  and t h e i r  e f f e c t s ,  on h i g h  
e n e r g y  e l a s t i c  s c a t t e r i n g s  a r e  e x am in e d .  The model mass 
o p e r a t o r  i s  l i n e a r i z e d  and  a D i r a c - l i k e  e q u a t i o n  i s
o b t a i n e d .  The r e s u l t s  a r e  t h e n  d i s c u s s e d .
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S e c t i o n  1 . 2 . C om po s i te  S y s tem  w i t h  a  L i n e a r  T r a j e c t o r y .
I n  t h i s  s e c t i o n  we w i s h  t o  exam ine  t h e  t r a j e c t o r y  o f  a 
s i m p l e  c o m p o s i t e  s y s t e m .  L e t  us c o n s i d e r  a s y s t e m  c o n s i s t ­
i n g  o f  two heav y  D i r a c  p a r t i c l e s  d e s c r i b e d  by t h e  f o l l o w i n g  
B e t h e - S a l p e t e r  e q u a t i o n
(M + + ^ 2 ) 9v 2 )^  = I ( x 1 -  x 2 H .  ( 1 . 2 . 1 )
Where I ( x - ^ - x 2 ) i s  g i v e n  by t h e  f o l l o w i n g  f o u r  d i m e n s i o n a l  
o s c i l l a t o r  p o t e n t i a l
I ( x x -  x 2 ) = V2 -  Vok 2 ( Xl -  x 2 ) 2 ( 1 . 2 . 2 )
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now l e t
I n  Eq. ( 1 . 2 . 1 )  so  t h a t
M = V Q + m  ( 1 . 2 . 3 )
[ 2m + y ( 1 ^9 i + Y( 2 ) 9 ? + k 2 ( x 1- x ? ) 2 ' p p i  v v 2 1 2 '
C l )  C 2 )  ( 1 . 2 . 4 )
(m + y 9 n )(m + y 3 p)
+  B  Is- S!2 . ] *  = 0.
O
I f  t h e  s p r i n g  c o n s t a n t  k i s  o f  o r d e r  m o r  l e s s ,  t h e  lo w e r
l y i n g  l e v e l s  o f  t h e  s y s te m  a r e  e x p e c t e d  t o  be o f  o r d e r  m,
and  f o r  su c h  s t a t e s ,  t h e  l a s t  t e r m  o f  Eq. ( 1 . 2 . 4 )  w i l l  be o f  
2o r d e r  m /V . Now l e t  us  assume
M and VQ > > m ( 1 . 2 . 5 )
and  n e g l e c t  t h e  l a s t  t e r m  o f  Eq. ( 1 . 2 . 4 ) ,  so  t h a t
[2m + y ^ 3  t + 1 ^ 3  « + k2 ( x - , ^ x 0 2 ]i|> = 0 .  ( 1 . 2 . 6 )p p i  v v 2  1 a r
I n t r o d u c i n g  Cm and r e l a t i v e  c o o r d i n a t e s  by
x, = x + Q  9 = ^9 + 3lp  p 2 p i  2 p 6 p
X2 v " \  \  Sp2 2 9p "  9<Sp
( 1 . 2 . 7 )
and  p u t t i n g
* ( x , e )  = e “ l E t ^ ( ? )  ( 1 . 2 . 8 )
Eq. ( 1 . 2 . 6 )  r e d u c e s  t o
[2m + k 2 52 + ( f  -  Y<2 > ) - f e -  ( y ' 1 * + y<2 > ) |
- i ( Y j 1 )  -  Y j 2 b - i - ] * ( C) = 0 .
° to
(1.2.9)
M u l t i p l y i n g  by ( yJ 1  ̂ + y l 2 ^) f ro m  t h e  l e f t ,  and  p u t t i n g
g = 0 , we have  o
[ ( 2m + k 2 | 2 ) ( y ^ 1) + y j 2 ) ) + ( y ^  + yJ2 ))(y(1) - y ( 2 ) )*V?
+ Y4 2 ) ) § 3 ^ ( f , 0 ) = 0 ( 1 . 2 . 1 0 )
s i n c e
( 4 X) -  -  4 2 ) ) ^
= ( y J1) y J 2) -  = o .  ( 1 . 2 . 1 1 )
F o r  k << m, t h e  n o n - r e l a t i v i s t i c  a p p r o x i m a t i o n  w i l l  be  
a l l o w e d  f o r  t h e  l o w e r  l y i n g  s t a t e s .  I n  t h i s  l i m i t  
Eq. ( 1 . 2 . 1 0 )  r e d u c e s  t o
V2
(2m -  + k 2 f 2 -  E H ( f )  = 0 .  ( 1 . 2 . 1 2 )
By s e p a r a t i n g  a n g u l a r  v a r i a b l e s ,  we t h e n  o b t a i n
(2m -  ^  - ^ 2  + J- (-J-+3p- + k 2 £ 2 -  E ) U j U )  = 0 ( 1 - 2 . 1 3 )
d£ me
w h ic h  c a n  be  s o l v e d  by t h e  u s u a l  p o l y n o m i a l  m e th o d ,  and  t h e  
e i g e n v a l u e s  a r e  f i x e d  as
En J  = 2m + 2k / f ( J  + n + | ) .  ( 1 . 2 . 1 4 )
T h u s ,  t h e  mass o f  t h i s  s i m p l e  s y s t e m  i s  l i n e a r  i n  t h e  
a n g u l a r  momentum J .
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S e c t i o n  1 . 3 . Dynamic S y s te m  w i t h  L i n e a r  T r a j e c t o r y .
I n  t h e  p r e v i o u s  s e c t i o n  a  m odel  whose mass l e v e l s  w ere  
a l i n e a r  f u n c t i o n  o f  t h e  a n g u l a r  momentum was p r e s e n t e d .
However ,  a s  p o i n t e d  o u t  i n  t h e  i n t r o d u c t i o n ,  t h e  mass 
s q u a r e d  o f  e x p e r i m e n t a l l y  o b s e r v e d  p a r t i c l e s  i s  a  l i n e a r  
f u n c t i o n  o f  t h e i r  a n g u l a r  momentum and  t h u s  t h e  model  d o e s  
n o t  g i v e  r i s e  t o  t h e  e x p e r i m e n t a l l y  o b s e r v e d  t r a j e c t o r y .  
H ow ever ,  f ro m  an e x a m i n a t i o n  o f  Eq. ( 1 . 2 . 1 2 )  we s e e  t h a t  t h e  
d e s i r e d  l i n e a r  t e r m  i n  t h e  a n g u l a r  momentum a r i s e s  f rom  t h e  
t h r e e  d i m e n s i o n a l  h a r m o n i c  o s c i l l a t o r  e x p r e s s i o n  embedded 
i n  Eq.  ( 1 . 2 . 1 2 ) .  I t  i s  c l e a r  t h e n  t h a t  a  s e c o n d  o r d e r  
e q u a t i o n  i n v o l v i n g  a  l i n e a r  t e r m  p r o p o r t i o n a l  t o  a  t h r e e  
d i m e n s i o n a l  h a r m o n ic  o s c i l l a t o r  h a m i l t o n i a n  w i l l  y i e l d  t h e  
e x p e r i m e n t a l l y  o b s e r v e d  t r a j e c t o r y .
L e t  us  c o n s i d e r  t h e n  a s y s t e m  c o n s i s t i n g  o f  a  D i r a c  
p a r t i c l e  m oving  i n  a  g i v e n  e x t e r n a l  v e c t o r  p o t e n t i a l ,  w h ic h  
i s  a ssum ed  t o  be  r e g u l a r  a t  t h e  o r i g i n .  We s h a l l  assum e 
t h a t  t h e  s y s t e m  i s  d e f i n e d  by L a g r a n g i a n :
- l  = J1(M + y a')i|»dv + i / J o  * ( a v., -  a v  )dv ( 1 . 3 . 1 )J T y y y v y v  v y
w h e re  V ( r )  ’i s  a  g i v e n  e x t e r n a l  f i e l d .  Now l e t  us  assume 
t h a t  o n l y  t h e  f o u r t h  component  o f  t h e  p o t e n t i a l  V ^ ( r )  i s  
i m p o r t a n t  a s  i s  t h e  c a s e  f o r  t h e  Coulomb f i e l d  i n  a to m i c  
p h y s i c s ,  so  t h a t
Vy ( r )  2 ( 0 , 0 , 0 , i V Q( r ) ) .  ( 1 . 3 . 2 )
Where V ( r )  i s  a ssum ed  t o  b e  a  f u n c t i o n  r e g u l a r  a t  t h e  
o r i g i n  and  can  be  a p p r o x i m a t e d  a s
V0 ( r )  = V0 ( ° )  + r 2V j ( 0 )  + . . . « V Q(0)  + r 2w ( 1 . 3 . 3 )
n e a r  t h e  o r i g i n .
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The e q u a t i o n  o f  m o t i o n  c o r r e s p o n d i n g  t o  t h e  L a g r a n g i a n  
i s  g i v e n  by
(M + y 3 + i o  (9  V -  a V ))i|> = 0 . ( 1 . 3 . 4 )' y y h yv  y v V y r \ • j  • /
I n s e r t i n g  Eq. ( 1 . 3 * 3 )  and p u t t i n g
i j j (x)  = i | / ( r ) e “ i E t  ( 1 . 3 . 5 )
we t h e n  have
[M -  p^E + P2 ° * ^  + iw p ^ o * r ] i | ' ( r )  = 0 ( 1 . 3 . 6 )
w h ich  may be r e w r i t t e n  as
M-E - i a * ( ^ - a i r ) \  U ( v )
i a*  (V+oor) M+E /  W r )
w here
( 1 . 3 . 7 )
o r  e l i m i n a t i n g  y we o b t a i n
E2 ? = [M2 -  a * ( V -  tor) o ’ ( ^  + to r ) ]?
= [M2 + ( - V 2 + <o2 r 2 -  3w) -  2(o 0 *fi]? ( 1 . 3 . 8 )
( 1 . 3 . 9 )
i s  t h e  a n g u l a r  momentum o p e r a t o r .
S i n c e  ( 1 . 3 . 8 )  i s  e s s e n t i a l l y  t h e  e q u a t i o n  o f  m o t i o n  o f  
a  t h r e e  d i m e n s i o n a l  h a rm o n ic  o s c i l l a t o r  w i t h  a  s t r o n g  s p i n -  
o r b i t  c o u p l i n g ,  i t  i s  e a s i l y  s o l v e d  by t h e  u s u a l  p o l y n o m i a l  
m e th o d ,  and  we g e t  t h e  f o l l o w i n g  e i g e n v a l u e s
E2 = M2 + 4tok f o r  J  = A + i
n d ( 1 . 3 . 1 0 )
Ejjc = M2 + 4<o(k + J  + 1) f o r  J  = I  -  | .
Thus f o r  t h e  J . = £ -  s t a t e  we o b t a i n  t h e  d e s i r e d  l i n e a r
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t r a j e c t o r y  and  t h e  p a r i t i e s  o f  t h e  s u c c e s s i v e  s t a t e s  a l o n g  
t h e  t r a j e c t o r y  a r e  s e e n  t o  b e  a l t e r n a t i n g .  The G a u s s i a n  
n a t u r e  o f  t h e  w a v e f u n c t i o n s  i n  t h i s  s y s t e m  and  t h e  l e v e l  
s t r u c t u r e  t o g e t h e r  w i t h  t h e  s t r o n g  s p i n - o r b i t  c o u p l i n g  a r e  
a t t r a c t i v e  f e a t u r e s  o f  t h i s  m o d e l .  However ,  t h e  f a c t  t h a t  
t h e  J  = a + ip s t a t e  i s  i n d e p e n d e n t  o f  J  i s  a  d e f i n i t e  s e t ­
b a c k  and  a l t h o u g h  t h e  d e g e n e r a c y  o f  t h i s  l e v e l  m ig h t  be 
rem oved  by c o n s i d e r i n g  h i g h e r  o r d e r  t e r m s  i n  t h e  p o t e n t i a l ;  
t h e  r e c o v e r y  o f  t h e  l i n e a r  d e p e n d e n c e  on t h e  a n g u l a r  momen­
tum w ou ld  a p p e a r  d o u b t f u l  a n d  we s h a l l  n o t  p u r s u e  t h i s  
a p p r o a c h  f u r t h e r .
S e c t i o n  1 . 4 . P h e n o m e n o l o g i c a l  Mass O p e r a t o r  and
2
S p i n - i s o s p i n  C o r r e l a t i o n s .
I n  t h i s  s e c t i o n  we w i s h  t o  e xam in e  t h e  p o s s i b l e  
d e p e n d e n c e  o f  t h e  mass s q u a r e d  on t h e  d i f f e r e n c e  j J —11 w h ich  
was p o i n t e d  o u t  i n  t h e  g e n e r a l  i n t r o d u c t i o n .  The m odel  p r e ­
s e n t e d  h e r e  i s  a d m i t t e d l y  ad  hoc  and  i s  p r e s e n t e d  i n  t h e  
hope  t h a t  i t  may s u g g e s t  some f e a t u r e s  t h a t  m ig h t  be  i n c o r ­
p o r a t e d  i n  a more r e a l i s t i c  m o de l .  We s h a l l  c o n s i d e r  o n l y  
t h e  c a s e  where  t h e  d i f f e r e n c e  J - I  i s  an  i n t e g e r  and  make t h e  
f o l l o w i n g  a s s u m p t i o n s :
(1 )  The mass l e v e l s  o f  t h e  b a r y o n  r e s o n a n c e s  may be
2d e s c r i b e d  by a mass s q u a r e d  o p e r a t o r  M i n v o l v i n g  
an  i n t e r n a l  o s c i l l a t o r  and  a  s t r o n g  s p i n  o r b i t  
c o u p l i n g ,  t h a t  i s ,
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M2 = M2 + | ( p 2 + u)2 f 2 ) -  |  £ • § .  ( 1 . 4 . 1 )
(2 )  The t o t a l  s p i n  o f  a  p a r t i c l e  i s  t h e  sum o f  an
i n t e r n a l  s p i n  S a n d  an  i n t e r n a l  o r b i t a l  a n g u l a r  
momentum L.
J  = L + S .  ( 1 . 4 . 2 )
And t h e  p a r i t y  o f  t h e  p a r t i c l e  i s  g i v e n  by ( - 1 ) L .
(3 )  The m a g n i t u d e s  o f  t h e  i n t e r n a l  s p i n  S, and  t h e
i s o s p i n ,  I ,  a r e  e q u a l
|S |  = | I  | - ( 1 . 4 . 3 )
p
The e i g e n v a l u e s  o f  t h e  mass s q u a r e d  o p e r a t o r ,  M , a r e  
r e a d i l y  fo u n d  by s o l v i n g  t h e  e i g e n v a l u e  p r o b le m
M2ip = ( 1 . 4 . 4 )
and  we o b t a i n
Mn , J , L  = Mo + “ n + “ L + I "
-  J L [ j ( j + i )  _ l (L+1) -  1 ( 1 + 1 ) ]  ( 1 . 4 . 5 )
and w h e re  t h e  p o s s i b l e  L v a l u e s  a r e  g i v e n  by
L = J + I , J + I - l , . . . , J - I . ( 1 . 4 . 6 )
I f  g i s  p o s i t i v e  t h e  l o w e s t  l e v e l  i s  r e a l i z e d  when
L = J - I  ( 1 . 4 . 7 )
and f o r  t h i s  v a l u e  o f  L t h e  e i g e n v a l u e  i s  g i v e n  by
Mn , J , J - I  = U - g ) ( J - I )  + (M2+4p+ w n) . ( 1 . 4 . 8 )
Thus t h e  l o w e s t  e i g e n v a l u e  i s  a l i n e a r  f u n c t i o n  o f  J - I .
I n  o r d e r  to  compare o u r  l e v e l s  w i t h  e x p e r i m e n t  l e t
(u -  g) *  (1 Gev ) 2 ( 1 . 4 . 9 )
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and l e t  us exam ine  t h e  l e v e l  s p a c i n g  b e tw e e n  t h e  l o w e s t  
l e v e l  and t h e  n e x t  h i g h e s t  l e v e l .  The n e x t  h i g h e s t  l e v e l  
c o r r e s p o n d s  t o  t h e  L v a l u e  L = J - I + l  and  I s  g i v e n  by
Mn , J , J - I +l  = + !> + C“ -  8 + f X J - 1 ’
+ (M2 + | u  + wn) . ( 1 . - 4 , 1 0 )
and  t h e  l e v e l  s p a c i n g  i s
Mn , J , J - I + l  "  Mn , J , J - I  (a) + 1^ + ( 1 . 4 . 1 1 )
Now i f  we assume t h a t  b o t h  o> and g a r e  l a r g e  com pared  t o
2(w-g)  = (1 Gev) t h e n  p a r t i c l e s  c o r r e s p o n d i n g  t o  s u c h  
e x c i t e d  s t a t e s  w i l l  h av e  v e r y  l a r g e  m a s s e s ,  and  t h e r e f o r e  be 
d i f f i c u l t  t o  o b s e r v e .  The o b s e r v e d  p a r t i c l e s  w i l l  t h e n  h a v e  
l e v e l s  g i v e n  by
M2 = (M2 + | w) + (u -  g ) ( J  -  1) ( 1 . 4 . 1 2 )
and  p a r i t i e s  g i v e n  by
( - 1 ) L = ( - I )'7' 1 ( 1 . 4 . 1 3 )
i n  a c c o r d a n c e  w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  made i n  t h e  
g e n e r a l  i n t r o d u c t i o n .  The c a s e  o f  h a l f  i n t e g r a l  | J —11 w i l l  
r e q u i r e  s e p a r a t e  c o n s i d e r a t i o n .
CHAPTER 2
MESON CLOUD MODELS OF HIGH ENERGY SCATTERING 
LINEAR TRAJECTORIES AND SPIN-ISOSPIN 
CORRELATIONS
S e c t i o n  2 . 1 . N u c le o n  S t r u c t u r e  and H ig h - E n e r g y  C o l l i s i o n s . ^  
A c c o r d i n g  t o  t h e  r e s u l t s  o f  a c c e l e r a t o r  a n d  c o s m i c - r a y  
e x p e r i m e n t s ,  some f e a t u r e s  o f  h i g h - e n e r g y  c o l l i s i o n s  seem t o  
be  i n s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  c o l l i d i n g  p a r t i c l e s ,  
w h i l e  o t h e r  f e a t u r e s  d e p en d  on th em .  F o r  e x a m p le ,  t h e  t o t a l  
c r o s s - s e c t i o n s  o f  n-N and  N-N c o l l i s i o n s  seem t o  t e n d  t o  
d i f f e r e n t  v a l u e s  a t  t h e i r  h i g h - e n e r g y  l i m i t s ;  w h e r e a s  t h e  
o p t i c a l  r a d i u s  o f  d i f f r a c t i o n  s c a t t e r i n g ,  t h e  a v e r a g e  v a l u e  
o f  momentum t r a n s f e r  and m ost  o f  t h e  p r o p e r t i e s  o f  s e c o n d a r y  
p a r t i c l e s  a s  t h e  d i s t r i b u t i o n  o f  t r a n s v e r s e  momentum and  t h e  
e n e r g y - d e p e n d e n c e  o f  m u l t i p l i c i t y ,  seem t o  be  i n s e n s i t i v e  t o  
t h e  n a t u r e  o f  t h e  c o l l i d i n g  p a r t i c l e s .  T h e r e f o r e ,  i t  i s  
i m p o r t a n t  t o  c l a r i f y ,  e x p e r i m e n t a l l y  and  t h e o r e t i c a l l y ,  t o  
what  e x t e n t  and why t h e s e  p r o p e r t i e s  a r e  d e p e n d e n t  o n ,  o r  
i n d e p e n d e n t  o f ,  t h e  n a t u r e  o f  t h e  c o l l i d i n g  p a r t i c l e s .
As a  p o s s i b l e  e x p l a n a t i o n  o f  t h i s ,  l e t  u s  assum e  t h a t  
t h e  d o m in a n t  m echan ism  o f  p a r t i c l e  p r o d u c t i o n  i s  t h e  c o l l i s i o n  
b e tw e e n  c l o u d  p i o n s  i n  t h e  c o l l i d i n g  n u c l e o n s  (N-N c a s e )  o r  
c o l l i s i o n  b e tw e e n  i n c i d e n t  a nd  c l o u d  p i o n s  (n-N c a s e ) .  Then 
t h e  m echanism  o f  t h e  m u l t i p l e  p r o d u c t i o n  o f  p a r t i c l e s  i n  
b o t h  c a s e s  w i l l  be  t h e  sam e ,  t h e  p i o n - p i o n  c o l l i s i o n .
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T h e r e f o r e ,  t h e  p r o p e r t i e s  o f  t h e  s e c o n d a r y  p a r t i c l e s  w i l l
n o t  be  s e n s i t i v e  t o - t h e  c o l l i d i n g  p a r t i c l e s .  However ,  t h e
t o t a l  c r o s s - s e c t i o n s  w i l l  d e p e n d  on t h e  s t r u c t u r e  o f  t h e
n u c l e o n .  I n  o r d e r  t o  s e e  t h e  r e l a t i o n  b e tw e e n  t h e  h i g h -
e n e r g y  l i m i t s  o f  t h e  t o t a l  c r o s s - s e c t i o n s  and  t h e  s t r u c t u r e
o f  t h e  n u c l e o n ,  l e t  u s  t r e a t  t h e  p r o b le m  i n  W e i z s a c k e r -
W i l l i a m s ’ a p p r o x i m a t i o n .  I n  t h i s  a p p r o x i m a t i o n  t h e  c l o u d
p i o n s  o f  a  v e r y  h i g h  e n e r g y  n u c l e o n  w i t h  momentum p Q can
a p p r o x i m a t e l y  be  r e g a r d e d  a s  a  s u p e r p o s i t i o n  o f  f r e e  p i o n s .
We s h a l l  d e n o t e  t h e  a v e r a g e  num bers  o f  t h e s e  q u a s i - f r e e
p i o n s  w i t h  momentum q b y ( n ( p Q; q ) > .
2
Now a  f l u x  o f  1 n u c l e o n / c m  *s i s  e q u i v a l e n t  t o  a  f l u x
2
o f  n a l m o s t  f r e e  p i o n s / c m  * s .  H e n c e ,  t h e  t o t a l  c r o s s -  
s e c t i o n s  o f  N-N and  n-N c o l l i s i o n s  can  be  e x p r e s s e d  by
tot,-*- v f /  , -*■ r e l  t o t , -*-,;> / „  ,
°NN ' P q 1 -f<nCp0 ;q)>< n ( - p  ;k )>  — dqdk.  ( 2 . 1 . 1 )
r e i  r <y o
_tot/j>-  ̂ f / / •+ ~*w v r e l ^ *  tot,-*- -> s 0 ^ \
°hn  ( p 0 > “  ! < n <-P0 i ^ >  v  ( j  g ( q . - P 0 )<Jq- ( 2 . 1 . 2 )
r e l  * o 5
( F o r  a  d e t a i l e d  d e r i v a t i o n  o f  ( 2 . 1 . 1 )  s e e  A p p e n d ix  1 . 1 . )  i f  
p i o n - c o r e  and  c o r e - c o r e  i n t e r a c t i o n s  a r e  i g n o r e d .  As a i s  
s u p p o s e d  t o  be c o n s t a n t  i n  v e r y  h i g h  e n e r g y  r e g i o n s ,  and  t h e  
r a t i o  o f  t h e  r e l a t i v e  v e l o c i t i e s  t e n d s  t o  o n e ,  we g e t  t h e  
f o l l o w i n g  e s t i m a t e s ;
CINNt ( P o ) “  <n >2 t>nnt ( ^5>.<i< » ,  ( 2 . 1 . 3 a )
°nNt ( P o ) “  ( n > °n n t ( < 3 > > - <P0 >) ( 2 . 1 . 3b)
14
w h e re  <q ) = -< ic)  = P0 « e ) / M ) ,  and  ( e ) i s  t h e  a v e r a g e  e n e r g y  
o f  c l o u d  p i o n s  i n  t h e  r e s t  s y s t e m  o f  t h e  n u c l e o n .  The 
d e t a i l s  o f  t h e  a v e r a g i n g  p r o c e s s  a r e  g i v e n  i n  A ppend ix  1 . 2 .  
Prom ( 2 . 1 . 3 a , b )  we g e t
r t o t  / \ -t2 t o t /  \ t O t /  \£ a nN ( - ) ]  =  ( » ) o NN ( - )  ( 2 . 1 . 11)
and
< " >  ~  t 2 - 1 - ? )
E q u a t i o n  ( 2 . 1 . 4 )  i s  n o t h i n g  b u t  t h e  G r ib o v - P o m e ra n c h u k " ^  
r e l a t i o n  d e r i v e d  f rom  t h e  a s s u m p t i o n  o f  a  f a c t o r i z a b l e  
r e s i d u e  o f  t h e  Regge p o l e .  Prom e x p e r i m e n t a l  v a l u e s
w 25 mb and «  40 mb i n  t h e  r a n g e  o f  e n e r g i e s  above  
10 Gev, we g e t
«  1 5 . 6  mb, <n> «  1 . 6 . ( 2 . 1 . 6 )
The l a t t e r  i s  n o t  v e r y  f a r  f ro m  M i y a z a w a ^  and  o t h e r s 1 
e s t i m a t i o n s  b a s e d  on Chew-Low*s t h e o r y .
I n  o r d e r  t o  e x am in e  t h e  shadow s c a t t e r i n g ,  l e t  us
c a l c u l a t e  t h e  i m a g i n a r y  p a r t  o f  t h e  N-N s c a t t e r i n g  a m p l i t u d e
i n  c . m . s . :
i m f NN( e )  = - 2 n 2E0 <„* J t V 0 -H0 ) T | ^  a * + >.
P°  2 * P° ' 2 P° " 2 ' P°  2 ( 2 . 1 . 7 )
By i n t r o d u c i n g  Pock  r e p r e s e n t a t i o n  o f  t h e  p h y s i c a l  n u c l e o n
)()-► , and  by a s s u m in g  d o m in a n t  c l o u d - c l o u d  i n t e r a c t i o n ,  t h e  
p o
W e i z s a c k e r - W i l l i a m s * a p p r o x i m a t i o n  . l e a d s . t o  t h e  f o l l o w i n g  
r e s u l t  f o r  s m a l l  A:
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oo
q  —  I t  A
Im fNM( e )  ”  _2n E0 /<*->. i l 3 +5 » 3 2 - • • q - J d q d q , - . . a ?
m=l p Q+?
A  ° °  a
X {q— q 2 * • • ^ f _j. ^ I k - ^ , k 2 • • . k ) d k . . . dk
P 0 - 5  n = l  - p 0- ?
x <ic+| ,ic2 . . . ^ n |*  + A) E < q + | , i c - | | t * n | 6 >
- P 0 + 2 8
X  ̂6  ̂ n n I 5 —-|-3 ic+^- >6 C q+ ic-p  s ) 6 ( e ^ A+ e ^  ^ - E g ) .  ( 2 . 1 . 8 )
■ q - ^  k +2
Now, l e t  us  assum e t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n  o f
p i o n - p i o n  shadow s c a t t e r i n g ,  and  t h e r e f o r e  t h e  i m a g i n a r y
p a r t  o f  t h e  s c a t t e r i n g  a m p l i t u d e ,  d e p e n d s  e x p o n e n t i a l l y
2upon  t h e  momentum t r a n s f e r  s q u a r e d  A ; t h a t  i s ,  t h e  l a s t  
f a c t o r  i n  Eq. ( 2 . 1 . 8 )  i s  a s sum ed  t o  be
- i l m < q + | , S - | | t n n | q -  | , S +| >  = | ( q + | , i c - |  t*n  | 8 ) <8 | | q - f  , t f | >
X J ( q + S - p s ) « ( 0^ +e+ 4 - E 6 ) »  e x p [ - ^ - 4 2 ] E | < B | t JII1 | q , i < > | 2
q~2  k+ 2" 6
4 -  -  -  R2 2 + +x 6 (q + k -p  ) *  ex p [~ n -A  ] v  , ( q , k ) ------------n—  ( 2 . 1 . 9 )
3 0 r e l  (211)
and  i f  A -d e p e n d e n c e  o f  t h e  o t h e r  p a r t s  i n  Eq. ( 2 . 1 . 8 ) ,  i . e . ,
t h e  d e n s i t y  m a t r i c e s  o f  t h e  p i o n s  i n  t h e  c o l l i d i n g  n u c l e o n s ,
2 2i s  w e a k e r  t h a n  e x p [ - R  A / 8 ] ,  Eq. ( 2 . 1 . 8 )  can  t h e n  be  
a p p r o x i m a t e d  a s
2  % g
Im fNN( e ) ~  - e x P C - V A2 ] W <n>2 o R r ^ ' % J 'PojZ^ ' P o )  • ( 2 . 1 . 1 0 )
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T h u s ,  t h e  o p t i c a l  r a d i u s  i n  t h e  N-N s c a t t e r i n g  w i l l  b e  t h e  
same a s  t h a t  o f  n-n s c a t t e r i n g  u n d e r  t h e  above  a s s u m p t i o n s .
I n  t h e  same way,  t h e  o p t i c a l  r a d i u s  i n  n-N s c a t t e r i n g  w i l l  be  
t h e  same a s  t h a t  o f  n-n s c a t t e r i n g .
I n  o r d e r  t o  c h e c k  t h e  a s s u m p t i o n s  made a b o v e ,  l e t  us  
c a l c u l a t e  t h e  e l a s t i c - c r o s s - s e c t i o n s  and  compare  them  w i t h  
e x p e r i m e n t .  By n e g l e c t i n g  t h e  r e a l  p a r t  o f  t h e  s c a t t e r i n g  
a m p l i t u d e ,  we g e t
j  e 1 p
NN r R . 2 n r P o  , v 2  t o t - , 2«  e x p [  jj-A ][-2fjf<n) a nn ]
a
r /  \ 2 t o t  -i
e l  _  [<n> °nn ] 
NN 4nR2
( 2 . 1 . 11)
I n  t h e  same way* we a l s o  h a v e
d
"N «  R' A2 i r Po ,  . t o t -,2
" d i r  e x P t - x 4 ^T tn<n >°nii ]
a
, . t o t  
e l  ( n ) a nn 
NN -  ,  2 •
( 2 . 1 . 1 2 )
F o r  R = 1 . 1 1  x IQ" 13  cm, = 2 5 .6  mb and = 3 9 .5  mb,
o u r  r e s u l t s  a r e  g i v e n  i n  T a b l e  1 t o g e t h e r  w i t h  t h e
12e x p e r i m e n t a l  r e s u l t s  a t  20 G e v /c .
S e c t i o n  2 . 2 . L i n e a r  T r a j e c t o r i e s  and  t h e  O s c i l l a t i o n  o f  t h e  
Meson C l o u d . 13 
I t  now a p p e a r s  e x p e r i m e n t a l l y  c o n f i r m e d  t h a t  e l e m e n t a r y  
p a r t i c l e s  l i e  a l o n g  l i n e a r  t r a j e c t o r i e s .  T h i s  k i n d  o f
r e g u l a r i t y  must  n a t u r a l l y  f i n d  i t s  e x p l a n a t i o n  i n  some 
u n d e r l y i n g  p h y s i c a l  p r i n c i p l e .  So v a r i o u s  e f f o r t s  t o  u n d e r ­
s t a n d  l i n e a r  t r a j e c t o r i e s  h a v e  b e e n  u n d e r t a k e n  by a l a r g e  
number  o f  a u t h o r s .  F o r  e x a m p le ,  i n  t h e  f ram ew o rk  o f  S-  
m a t r i x  t h e o r y  e f f o r t s  h a v e  b e e n  made t o  p r o d u c e  l i n e a r  
t r a j e c t o r i e s  by s u c c e s s i v e l y  f i x i n g  r e s o n a n c e s  v i a  b o o t s t r a p  
m e th o d s  o r  by f i x i n g  Regge t r a j e c t o r i e s .  B a ry on  mass l e v e l  
c a l c u l a t i o n s  hav e  a l s o  b e e n  u n d e r t a k e n  i n  q u a r k  m od e ls  
u s i n g  a  one p a r t i c l e  e x c i t a t i o n  h y p o t h e s i s .  More fundam en­
t a l l y  o s c i l l a t o r - l i k e  s t r u c t u r e s  have  b e e n  p o s t u l a t e d  f o r  
e l e m e n t a r y  p a r t i c l e s .  I n  t h e  p r e s e n t  s e c t i o n  we a l s o  w i s h ,  
t o  exam ine  t h e  t r a j e c t o r y  p r o b l e m  i n  t h e  f r am e w o rk  o f  an 
o s c i l l a t o r  m o d e l .
The c h o i c e  o f  an  o s c i l l a t o r  m odel  i s  m o t i v a t e d  by t h e  
f o l l o w i n g  c o n s i d e r a t i o n .  Any n o n - r i g i d  dynamic  s y s t e m  i n  a  
s t a t e  o f  s t a b l e  i n t e r n a l  e q u i l i b r i u m  i s  c a p a b l e  o f  m aking  
s m a l l  o s c i l l a t i o n s  a b o u t  i t s  e q u i l i b r i u m  p o s i t i o n .  T hen ,  i f  
b a r y o n s  a r e  dynamic  s y s t e m s  i n  i n t e r n a l  e q u i l i b r i u m  s u c h  
s m a l l  o s c i l l a t i o n s  a b o u t  t h e i r  e q u i l i b r i u m  p o s i t i o n s  a r e  t o  
be  e x p e c t e d ,  w h e t h e r  t h e  c o n s t i t u e n t s  o f  b a r y o n s  a r e  q u a r k s  
o r  s y s t e m s  p o s s e s s e d  o f  c l o u d  s t r u c t u r e .
The n e x t  q u e s t i o n  we m ust  a d d r e s s ,  h a v i n g  s e t t l e d  on an 
o s c i l l a t o r  m o d e l ,  i s  wha t  a r e  t h e  e n t i t i e s  com pos ing  t h e  
b a r y o n  w h ich  a r e  e x h i b i t i n g  t h i s  o s c i l l a t o r y  b e h a v i o r .  S i n c e  
q u a r k s  a r e  s u p p o s e d  t o  be v e r y  t i g h t l y  bound i t  would  seem 
u n l i k e l y  t h a t  t h e y  w ould  r e a d i l y  o s c i l l a t e .  A more p l a u s i b l e
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c a n d i d a t e  would  be t h e  meson c l o u d .  So we s h a l l  assume t h a t  
t h e  b a r y o n s  c o n s i s t  o f  c o r e  and  c l o u d  s t r u c t u r e  and  t h a t  t h e  
m ost  r e a d i l y  o s c i l l a t i n g  c o n s t i t u e n t s  o f  t h e  c l o u d  a r e  t h e  
m e s o n s .
The c h o i c e  o f  t h e  meson c l o u d  r e q u i r e s  f u r t h e r  comment.
Meson p h y s i c s  was e x t e n s i v e l y  i n v e s t i g a t e d  d u r i n g  t h e  l a t e
14f o r t i e s  and  f i f t i e s ,  and  on t h e  b a s i s  o f  t h e  a n a l y s i s  o f
t h e  meson c l o u d  i n  t h e  s t r o n g  c o u p l i n g  t h e o r i e s  o f  P a u l i ,
W e n t z e l ,  and  Tomonaga, a mass l e v e l  f o r m u l a  s i m i l a r  t o  t h a t
o f  a  r i g i d  r o t a t o r  i s  e x p e c t e d .  I n d e e d  i t  was shown by 
15Tomonaga t h a t  t h e  m o t i o n  o f  t h e  meson c l o u d  i s  v e r y  
s i m i l a r  t o  t h a t  o f  a  sy m m e t r i c  t o p .  Thus on t h e  b a s i s  o f  
t h e  s t r o n g  c o u p l i n g  a n a l y s i s  t h e  o s c i l l a t i o n  o f  t h e  meson 
c l o u d  would  a l s o  a p p e a r  u n l i k e l y .  However ,  e x p e r i m e n t a l l y  
d e t e r m i n e d  c o u p l i n g  c o n s t a n t s  a r e  s m a l l e r  t h a n  t h o s e  assum ed  
i n  t h e  s t r o n g  c o u p l i n g  t h e o r i e s ;  and  i n  a s  much a s  t h e  b a r y o n  
e x c i t e d  s t a t e s  a p p e a r  a s  i n t e r m e d i a t e  s t a t e s  i n  h i g h  e n e r g y  
c o l l i s i o n s ,  and  a r e  t h e r e f o r e  a c c o m p a n ie d  by many e x c i t e d  
m e s o n s ,  t h e  meson c l o u d  i s  a p p a r e n t l y  a s o f t e r  s y s t e m  t h a n  
t h a t  p r e d i c t e d  by t h e  s t r o n g  c o u p l i n g  t h e o r i e s .  I t  would  
a p p e a r  w o r t h w h i l e  t h e n  t o  i n v e s t i g a t e  w h e t h e r  t h e  meson 
c l o u d  can  o s c i l l a t e .
I n  s e c t i o n  3 mass l e v e l s  f o r  t h e  b a r y o n  e x c i t e d  s t a t e s  
a r e  c a l c u l a t e d  a s su m in g  t h a t  t h e  b a ry o n - m e s o n  s y s t e m  i s  
d e s c r i b e d  by a B o r n - I n f e l d  t y p e  n o n - l i n e a r  e q u a t i o n  and 
t a k i n g  i n t o  a c c o u n t  o n l y  a  n e u t r a l  meson c l o u d .  I n  s e c t i o n  4
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t h e  p h y s i c a l  i n t e r p r e t a t i o n  o f  o u r  r e s u l t s  i s  d i s c u s s e d .  I n  
s e c t i o n  5 we e x t e n d  o u r  c o n s i d e r a t i o n s  t o  c h a r g e  s p a c e .  The 
e q u a t i o n s  o b t a i n e d  i n  s e c t i o n  5 ,  i n  a  H a r t r e e  a p p r o x i m a t i o n ,  
a r e  s o l v e d  i n  s e c t i o n  6 and  i n  s e c t i o n  7 o u r  r e s u l t s  a r e  
compared  w i t h  e x p e r i m e n t .
S e c t i o n  2 . 3 . N e u t r a l  P s e u d o - S c a l a r  P-Wave Meson C lou d .
The S c h r o d i n g e r  e q u a t i o n  d e s c r i b i n g  a s y s t e m  c o n s i s t i n g  
o f  a  s i n g l e  b a r e  b a r y o n  i n t e r a c t i n g  w i t h  t h e  meson f i e l d  i s  
g i v e n  by
[ y p 3y + M + ^-/dV{n2 ( r )  + <|>(r)(y2 -  A)<t>(r)}
-  JdV(x  -  r )  <J>2 ( r )  ]i|>(x; <f>) = 0 ( 2 . 3 . 1 )
w h ere  V i s  a  p o t e n t i a l  f u n c t i o n  d e s c r i b i n g  an  a t t r a c t i v e  
f o r c e  b e tw e e n  t h e  b a r y o n  and  m es o n s .  The d e t a i l e d  fo rm  o f  
t h e  p o t e n t i a l  i s  o f  l i t t l e  i m p o r t a n c e  i n  t h e  f o l l o w i n g  c on ­
s i d e r a t i o n s .  The p o t e n t i a l  may be  d e s c r i p t i v e  o f  an  e x c h a n g e  
f o r c e ,  f o r  e x a m p le ,  t h e  e x c h a n g e  o f  a  n u c l e o n  o r  heavy  meson
l i k e  t h e  p m eson .  As c an  be  s e e n  f rom Eq. ( 2 . 3 . 1 ) ,  we h a v e
n e g l e c t e d  i n t e r a c t i o n s  c a p a b l e  o f  c h a n g i n g  t h e  number  o f  
mesons and  t h e  m eson-m eson  i n t e r a c t i o n .  T h e s e  i n t e r a c t i o n s  
w ere  a l s o  n e g l e c t e d  i n  t h e  s t r o n g  c o u p l i n g  t h e o r i e s  and 
u n l e s s  t h e y  a r e  much s t r o n g e r  t h a n  i s  g e n e r a l l y  s u p p o s e d  
t h e i r  e x i s t e n c e  w i l l  n o t  s u b s t a n t i a l l y  a l t e r  o u r  c o n c l u s i o n s .
An a n a l y s i s  o f  Eq. ( 2 . 3 . 1 )  by a  r e p e t i t i o n  o f  t h e  
a r g u m e n ts  t o  be p r e s e n t e d  be lo w  f o r  a  m o d i f i e d  fo rm  o f
( 2 . 3 . 1 ) y i e l d s  a mass l e v e l  f o r m u l a  o f  t h e  fo rm
20
M = a J  + b
t h a t  i s ,  t h e  mass d e p e n d s  l i n e a r l y  on t h e  a n g u l a r  momentum. 
A l th o u g h  t h i s  i s  a  c o n s i d e r a b l e  im pro vem en t  o v e r  t h e  r i g i d  
r o t a t o r  mass f o r m u l a  i t  i s  s t i l l  n o t  t h e  e x p e r i m e n t a l l y  
o b s e r v e d  mass f o r m u l a  w h ic h  i s  o f  t h e  fo rm
M2 = a J  + b .
T h a t  i s ,  t h e  mass s q u a r e d  d e p e n d s  l i n e a r l y  on t h e  a n g u l a r  
momentum.
I n  o r d e r  t o  o b t a i n  t h e  e x p e r i m e n t a l l y  o b s e r v e d  l e v e l  
f o r m u l a  we m o d i f y  Eq. ( 2 . 3 * 1 )  and  c o n s i d e r  t h e  f o l l o w i n g  
e q u a t i o n
[Y^3^+Mv^+^/dV{n2 ( r )  + <j>(r)u)2 $ ( r ) - 2 V ( x - r )  <j>2 (r)}]t|)(x;<(>) = 0
( 2 . 3 . 2 )
w h ere  u>2 = u 2 -  A. T h i s  m o d i f i c a t i o n ,  o f  ( 2 . 3 . 1 )  i s  
a d m i t t e d l y  ad  h o c , how ev er  Eq. ( 2 . 3 . 2 )  d oes  r e d u c e  t o  Eq.
( 2 . 3 . 1 ) when t h e  mass o f  t h e  meson c l o u d  i s  s m a l l  compared  
t o  t h e  mass o f  t h e  b a r y o n .  E q u a t i o n  ( 2 . 3 . 2 )  i s  a  n o n - l i n e a r  
B o r n - I n f e l d  t y p e  e q u a t i o n ;  h o w e v e r ,  t h e  n o n - l i n e a r i t y  o f  
t h i s  e q u a t i o n  i s  n o t  a s e r i o u s  o b s t a c l e  t o  t h e  c a l c u l a t i o n  
o f  a mass l e v e l  f o r m u l a .  Upon I n t r o d u c i n g  t h e  s t a t i c  
a p p r o x i m a t i o n  i n  Eq.  ( 2 . 3 . 2 )  we o b t a i n
( YA84+M / l 4 / d V { n 2 ( ? ) ^ ( ? ) a )2 «^(?)-2V(?)  (j)2 ( r ) }) ip( t ; 4>) = 0.
( 2 . 3 . 2 )
An i t e r a t i o n  o f  t h i s  e q u a t i o n  y i e l d s  t h e  l i n e a r  s e c o n d  o r d e r  
e q u a t i o n
E2 * = [M2+M/dV{n2 ( r )  + <K?)u>2 <Kr)-2V(r)<J>2 (r)}.]<l, ( 2 . 3 * 3 )
f rom  w h ich  we s h a l l  b e g i n  o u r  c o n s i d e r a t i o n s .  The i n t r o d u c ­
t i o n  o f  t h e  s t a t i c  a p p r o x i m a t i o n  i s  n o t  a  good  a p p r o x i m a t i o n  
h e r e ,  h o w e v e r ,  a s  t h e  mass o f  t h e  meson c l o u d  i s  l a r g e  com­
p a r e d  t o  t h e  b a r e  n u c l e o n  mass and  t h e r e f o r e  t h e  r e c o i l  o f  
t h e  b a r y o n  i s  n o t  n e g l i g i b l e .  N o n e t h e l e s s  we s h a l l  a l l o w  
t h e  s t a t i c  a p p r o x i m a t i o n  i n  t h e  hope  t h a t  t h e  m a t h e m a t i c a l  
s i m p l i c i t y  d e r i v e d  t h e r e b y  may a l l o w  us t o  d i s c o v e r  t h e  
u n d e r l y i n g  p h y s i c a l  m echan ism  r e s p o n s i b l e  f o r  t h e  g e n e r a t i o n  
o f  t h e  l i n e a r  t r a j e c t o r y .
As i s  w e l l  known o n l y  P-wave mesons a r e  s t r o n g l y  
a t t r a c t e d  by t h e  s t a t i c  b a r y o n ,  so  we s h a l l  n e g l e c t  a l l  
p a r t i a l  waves  o t h e r  t h a n  P - w a v e s ,  and  p u t
where  U ( r )  a r e  an  o r t h o n o r m a l  s e t  o f  f u n c t i o n s  s a t i s f y i n g
and  a r e  o t h e r w i s e  u n s p e c i f i e d .  S u b s t i t u t i n g  ( 2 . 3 . 4 )  i n t o
( 2 . 3 . 5 ) we o b t a i n
n ( r )
00
( 2 . 3 . 5 )
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Now l e t  us r e q u i r e  t h e  o r t h o n o r m a l  f u n c t i o n s  Un t o  s a t i s f y  
t h e  e i g e n v a l u e  e q u a t i o n
2
(w2 -  -  2 V ( r )  )U ( r )  = «.2U ( r ) .  ( 2 . 3 . 7 )
d r  r  n m m
Then  Eq. ( 2 . 3 . 6 )  r e d u c e s  t o
E 2 i> = [M2 + M Z ( p 2 + u)2q 2 )]i{). ( 2 . 3 . 8 )
m
F o r  a  s u i t a b l e  a t t r a c t i v e  p o t e n t i a l  V s t a b l e  o r  m e t a s t a b l e  
s t a t e s  w i l l  be  fo rm ed  i n  t h e  v a l l e y  fo rm ed  by t h e  s u p e r -
p
p o s i t i o n  o f  V and  t h e  c e n t r i f u g a l  b a r r i e r  2 / r  . I f  we 
c o n f i n e  o u r s e l v e s  t o  t h e  l o w e s t  l e v e l  o r  i f  we a ssum e t h a t  
wm = 0)o i s  t h e  o n ly  p o s s i b l e  bound  s t a t e ,  t h e  e q u a t i o n  f o r  
t h e  bound  s t a t e  mesons w i l l  be  g i v e n  by
E2 ij) = [M2 + M(p2 + u ^ q 2 )]!/). ( 2 . 3 . 9 )
I n  a d d i t i o n ,  we r e q u i r e  s o l u t i o n  o f  ( 2 . 3 . 9 )  w h ic h  a r e  s i m u l ­
t a n e o u s  e i g e n s t a t e s  o f  t h e  t o t a l  a n g u l a r  momentum o p e r a t o r  
o f  t h e  meson f i e l d
£ = /dV<j>(r)rxvn(r)
o r  m aking  u s e  o f  Eq. ( 2 . 3 . 4 )
£ = 2 q x£ and £  iJ>(<Lj = (q  xp H  m *m ^o ^o om
= L(L+1) ip. ( 2 . 3 . 1 0 )
S i m u l t a n e o u s  e i g e n s t a t e s  o f  ( 2 . 3 . 9 )  and ( 2 . 3 J 0 )  a r e  r e a d i l y  
fo u n d  by t h e  u s u a l  p o l y n o m i a l  m ethods  and  t h e  e i g e n v a l u e s  
a r e  g i v e n  by
w here  ( n  = 0 , 1 , 2 , . . . )  I s  t h e  quan tum  number  o f  r a d i a l  
v i b r a t i o n .
S e c t i o n  2 . 4 . P h y s i c a l  O r i g i n  o f  t h e  L i n e a r  T r a j e c t o r y .
I n  t h e  p r e v i o u s  s e c t i o n  we d e r i v e d  t h e  l i n e a r  t r a j e c t o r y  
r e s u l t i n g  f ro m  t h e  o s c i l l a t i o n  o f  t h e  meson c l o u d .  I n  t h i s  
s e c t i o n  we w i s h  t o  exam ine  t h e  p h y s i c a l  m echan ism  r e s p o n s i b l e  
f o r  t h e  g e n e r a t i o n  o f  t h e  l i n e a r  t r a j e c t o r y .  We h a v e  v i e w e d  
t h e  b a r y o n  a s  a  b o so n  l i k e  a tom  c o n s i s t i n g  o f  a  n u c l e u s  
fo rm ed  by a  s i n g l e  b a r e  b a r y o n  a b o u t  w h ic h  any number  o f  
bound  mesons may o r b i t .  Each  meson o r b i t i n g  t h e  n u c l e u s  
w i t h  o r b i t a l  a n g u l a r  momentum L = 1. Our c o n s i d e r a t i o n s  
w ere  l a r g e l y  p o t e n t i a l  i n d e p e n d e n t ,  and e s s e n t i a l l y  o u r  o n l y  
r e q u i r e m e n t  on t h e  p o t e n t i a l  was t h a t  I t  a d m i t t e d  o f  a 
s i n g l e  bound  s t a t e .  I n  p a r t i c u l a r  o u r  c o n s i d e r a t i o n s  do n o t  
im p ly  i n  any way t h a t  t h e  mesons a r e  h a r m o n i c a l l y  bound  t o
t h e  b a r y o n .  I n  t h i s  r e s p e c t  t h e  p h r a s e  " o s c i l l a t i o n  o f  t h e
meson c lo u d "  i s  somewhat m i s l e a d i n g .
The o r i g i n  o f  t h e  l i n e a r  t r a j e c t o r y  l i e s  i n  t h e  
d i s t i n c t i o n  b e tw e e n  t h e  B o s e - E i n s t e i n  a tom  and t h e  F e r m i -  
D i r a c  a tom ,  t h a t  i s ,  i n  t h e  s t a t i s t i c s .  I n  t h e  c a s e  o f  t h e
F e r m i - D i r a c  a tom t h e  number o f  p a r t i c l e s  o c c u p y i n g  a  g i v e n
e n e r g y  l e v e l  i s  l i m i t e d  by t h e  e x c l u s i o n  p r i n c i p l e ;  and  t o  
form e x c i t e d  s t a t e s  e l e c t r o n s  m ust  be  e x c i t e d  f rom  l o w e r  
e n e r g y  s t a t e s  t o  h i g h e r  e n e r g y  s t a t e s .  I n  c o n t r a s t ,  t h e
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number o f  p a r t i c l e s  a l l o w e d  t o  occupy  a  g i v e n  s i n g l e  
p a r t i c l e  l e v e l  i n  t h e  B o s e - E i n s t e i n  a tom  i s  u n l i m i t e d  and 
t h i s  a l l o w s  a  s e c o n d  m ethod  o f  e x c i t a t i o n ;  n a m e ly ,  t o  
i n c r e a s e  t h e  number o f  p a r t i c l e s  i n  a g i v e n  s i n g l e  p a r t i c l e  
l e v e l .  I t  i s  j u s t  t h i s  m e th o d  o f  e x c i t a t i o n  w h ic h  i s  
r e s p o n s i b l e  f o r  t h e  g e n e r a t i o n  o f  t h e  l i n e a r  t r a j e c t o r y .
Thus t h e  e s s e n t i a l  f e a t u r e  o f  t h i s  m odel  w h ic h  a l l o w s  
us t o  o b t a i n  e q u a l l y  s p a c e d  mass l e v e l s  i s  t h a t  any  number  
o f  P-wave mesons may occupy  t h e  l o w e s t  e n e r g y  l e v e l .  Roughly  
s p e a k i n g ,  t h e  t e r m s  i n  t h e  mass l e v e l  f o r m u l a  ( 2 . 3 . 1 1 )  may 
be  u n d e r s t o o d  a s  f o l l o w s :  L mesons h a v e  t h e i r  s p i n s  p a r a l l e l
g i v i n g  r i s e  t o  a t o t a l  a n g u l a r  momentum L and  an  e n e r g y  ooL, 
t h e  r e m a i n i n g  n e c e s s a r i l y  e v e n  number o f  mesons h a v e  t h e i r  
s p i n s  a n t i - p a r a l l e l  g i v i n g  r i s e  t o  a n g u l a r  momentum z e r o  and  
e n e r g y  2nto.
The o r i g i n  o f  t h e  " o s c i l l a t i o n ' ’ i s  t h a t  an  a s s e m b ly  o f  
Bose p a r t i c l e s  b e h a v e s  l i k e  an  a s s e m b ly  o f  o s c i l l a t o r s .  I n  
t h i s  s e n se ,  t h e  o s c i l l a t i o n  i s  a k i n d  o f  c o l l e c t i v e  m o t i o n  and  
i s  t h e r e f o r e  d i a m e t r i c a l l y  o p p o se d  t o  t h e  one p a r t i c l e  e x c i ­
t a t i o n  h y p o t h e s i s .  T h i s  m odel  i s  somewhat s i m i l a r  t o  t h e  
S - m a t r i x  a p p r o a c h  i n  w h ich  one t r i e s  t o  o b t a i n  s u c c e s s i v e  
e x c i t e d  s t a t e s  by a d d i n g  m es o n s .
S e c t i o n  2 . 5 . I n c l u s i o n  o f  C h a rg ed  S p a c e .
I n  t h e  p r e v i o u s  s e c t i o n  we a p p r o x i m a t e d  t h e  s t r u c t u r e  o f  
t h e  b a r y o n  c l o u d  a s su m in g  i n  t h e  f i r s t  a p p r o x i m a t i o n  t h a t  t h e
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c l o u d  was composed o f  n e u t r a l ,  P -w av e ,  p s e u d o s c a l a r  m eso n s .  
I n  t h i s  s e c t i o n  we s h a l l  a s  a  s e c o n d  a p p r o x i m a t i o n ,  assume 
t h a t  t h e  b a r y o n  c l o u d  i s  composed o f  a n  i s o s p i n  t r i p l e t  o f  
p s e u d o s c a l a r ,  P-wave  p i o n s .  I n  t a k i n g  i n t o  a c c o u n t  c h a r g e  
s p a c e ,  we w i s h  t o  i n v e s t i g a t e  w h e t h e r  t h e  s t r o n g  s p i n -  
i s o s p i n  c o r r e l a t i o n  o f  t h e  b a r y o n  e x c i t e d  s t a t e s ,  w h ich  was 
p o i n t e d  o u t  i n  s e c t i o n  1 . 1 ,  may be  r e a l i z e d  a s  a  r e s u l t  o f  
t h e  c o l l e c t i v e  o s c i l l a t i o n  o f  t h e  meson c l o u d .
C o r r e s p o n d i n g  t o  Eq.  ( 2 . 3 . 3 )  i n  t h e  p r e v i o u s  s e c t i o n  we 
s h a l l  b e g i n  o u r  c o n s i d e r a t i o n s  w i t h  t h e  f o l l o w i n g  e q u a t i o n :
Where a a nd  3 a r e  i s o s p i n  i n d i c e s ,  and  a g a i n  o n ly  P-wave 
p i o n s  w i l l  be  t a k e n  i n t o  a c c o u n t ,  so  t h a t
w h e re  a g a i n  t h e  o r t h o n o r m a l  f u n c t i o n s  a r e  n o r m a l i z e d  so  
t h a t
E2* = [M2 + M/dV{n2 ( r )  + <J>(r)(y2 -  A)<J> ( r )U tt Qt
-  2«(>a ( r ) V a e (r)( |»p ( r )> ]4 ) . ( 2 . 5 . 1 )
m ( 2 . 5 . 2 )
00
(2.5.3)
S u b s t i t u t i n g  t h e s e  r e l a t i o n s  i n t o  Eq. (2 .5 .3)  we h a v e
-  ^ a m r V j  / drUra( r ) v “ S ( r ) U n ( r )  >],(,. ( 2 . 5 . 4 )
A l th o u g h  more g e n e r a l  p o t e n t i a l s  may be  c o n s i d e r e d ,  and  i t  
i s  d e s i r a b l e  t o  s t u d y  t h e  p r o b l e m  more g e n e r a l l y ,  we s h a l l  
c o n s i d e r  o n l y  t h o s e  p o t e n t i a l s  w h ic h  l e a d  t o  an  a t t r a c t i v e  
f o r c e  i n  t h e  ( 3 / 2 , 3 / 2 )  r e s o n a n c e  s t a t e  when one  meson i s  
p r e s e n t .  T h a t  i s ,  we s h a l l  c o n s i d e r  p o t e n t i a l s  o f  t h e  fo rm
Vi j (r>  -  ( S aS + + ^ - W r )  ( 2 . 5 . 5 )
w here  T and  L a r e  t h e  i s o s p i n  and  s p i n  o p e r a t o r s  o f  t h e  
meson f i e l d .
, /  0 i  0 \  p (o 0 - i \  p /o  0 o \
= ( - 1 0 ° l  (T f « ) = 0 0 0 ) (T ) = 0 0 i l
“ 6 v 0 0 0/  ae \ i  0 0/  010 l o  -i  0 /
( 2 . 5 . 6 )
,  /  0 i  0 ^  p / 0 0 - i \  -  / 0 0 o \
( l | . )  = | - i  0 o J ( L f . )  = l o  0 o )  ( L f . )  = 0 0 i )  .
V 0 0 0 /  \ i  0 0 /  1J \ 0 - i  0 /
S u b s t i t u t i n g  ( 2 . 5 . 5 )  i n t o  ( 2 . 5 . 4 )  we h a v e
E2 * = 7dpDB( r ) ( « 2- - 4 ^ V 2 V ( r ) U n ( r )
mn o d r  r
-  q . ( t * T  06 . .+ o * L .  .6 0+^-t ‘ T _a*L. , ) q n .ami ag i j  i j  ag 2 ag i j  Mgnj
oo
x / d r l f  ( r ) V ( r ) U  ( r )  } -  ( 2 . 5 . 7 )
o
A l th o u g h  Eq. ( 2 . 5 * 7 )  i s  b i l i n e a r  i n  t h e  meson f i e l d
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o p e r a t o r s ,  t h e  s t r o n g  s p i n - i s o s p i n  c o u p l i n g  i n  t h e  s e c o n d  
t e r m  makes t h e  r e d u c t i o n  t o  n o rm a l  modes by a  p r o p e r  c h o i c e  
o f  o r t h o n o r m a l  f u n c t i o n s  d i f f i c u l t .  We s h a l l  t h e r e f o r e  p r o ­
c e e d  t o  o b t a i n  an  a p p r o x i m a t e  s o l u t i o n  o f  ( 2 . 5 * 7 )  by t h e
H a r t r e e  m e th o d .  F o r  t h i s  p u r p o s e ,  l e t  u s  r e q u i r e  t h e  o r t h o ­
n o r m a l  f u n c t i o n s  i n  ( 2 . 5 * 7 )  t o  s a t i s f y
2
( y 2-  - 4 -  + 2 _ 2 V ( r ) ) U  ( r )  = w2U ( r )  ( 2 . 5 * 8 )
d r  r  n n n
t h e n  Eq. ( 2 . 5 * 7 )  may be r e w r i t t e n  as
E2 4> = [M2 + M E {p2 + w2q 2 }„  r am m \ n  mo
mnaB ^  ( 2 . 5 * 9 )
w he re
oo
Vmn = M rU  ( r ) V ( r ) U  ( r )  
mn o m n ( 2 . 5 . 1 0 )
= t • T 6 . . + o*L. ,<S + o*L. . .i j  a 8 i j  i j  a8 2 aB i j
Now l e t  u s  i n t r o d u c e  t h e  H a r t r e e  a p p r o x i m a t i o n  by r e w r i t t i n g  
Eq. ( 2 . 5 * 9 )  as
E2 if, = [M2 + M I ( p 2 + (u> -  Su)2 ) q 2 }_ am m m ^am ma
+ (M ES“m<3am -  ( 2 - 5 . 1 1 )ma
and  a s s u m in g  t h a t
< * l [MnEa 6“ n % n -  l.Vm n(qmrq n ) ] U >  = 0 ( 2 - 5 . 1 2 )
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we t h e n  must  s o l v e
E 2 4> = [M2 + M t  ( p ^ n + («£  “  6o)2 ) q 2n } ] ^ .  ( 2 . 5 . 1 3 )
P r o c e e d i n g  a s  i n  t h e  p r e v i o u s  s e c t i o n ,  i f  V ( r )  a d m i t s  o f  a 
s i n g l e  s t a b l e  o r  m e t a s t a b l e  bound  s t a t e  i t  w i l l  be  d e s c r i b e d
by
E2 i|> = [M2 + M Z ( p 20 + 6w2 ) q 2 ]*  ( 2 . 5 . 1 4 )
a “ “
Sl>12 = < ^ W Ta o - ° - Ll j ' i 6oj l* '>
°  2H < * k > >
2
w here  6too i s  t h e  d e v i a t i o n  o f  an a v e r a g e  l e v e l  due  t o  t h e
i n t e r a c t i o n  and  may be d e t e r m i n e d  s e l f  c o n s i s t e n t l y  f rom
E q s .  ( 2 . 5 . 1 4 )  and  ( 2 . 5 . 1 5 ) .  S i n c e  t h e  s t a t e  o f  g r e a t e s t
s t a b i l i t y  i s  r e a l i z e d  when t h e  e i g e n v a l u e ,  E ,  i n  Eq. ( 2 . 5 . 1 4 )
2 2a t t a i n s  i t s  minimum v a l u e ,  f o r  > 0 ,  s h o u l d  be  a s’ o o
l a r g e  as  p o s s i b l e .  T h i s  c o n d i t i o n  w i l l  be  r e a l i z e d  when 
x ( a )  an d  T(L) a r e  p a r a l l e l ,  t h a t  i s ,  when
J = L + | ,  I  = T + |  ( 2 . 5 . 1 6 )
and  t h i s  c o n d i t i o n  i s  s a t i s f i e d  f o r  t h e  ( 3 / 2 ) , 3 / 2 )  r e s o n a n c e .
S e c t i o n  2 . 6 . S o l u t i o n  i n  t h e  H a r t r e e  A p p r o x i m a t i o n .
I n  t h i s  s e c t i o n  we w ish  t o  s o l v e  Eq. ( 2 . 5 . 1 4 ) .  F o r  t h i s  
p u r p o s e  i t  i s  s u f f i c i e n t  t o  s o l v e  t h e  f o l l o w i n g  o s c i l l a t o r  
e q u a t i o n
Wij> = Z u a ^ a f i i )  a) = 2/u)2-6u>J. ( 2 . 6 . 1 )
oti 1 1 °  °
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I n  a s  much as  t h e  s e p a r a t i o n  i n t o  a n g u l a r  and  i s o s p i n  
v a r i a b l e s  i n  Eq. ( 2 . 6 . 1 )  i s  i n  g e n e r a l  d i f f i c u l t  we s h a l l  
p r o c e e d  by a more e l e m e n t a r y  m e tho d .
I f  we c o n s i d e r  o n l y  t h e  n u c l e o n  i s o b a r s  w i t h  t o t a l  
i s o s p i n  I  = 1 / 2 ,  I  = 3 / 2 ,  t h e n  u n d e r  t h e  c o n d i t i o n s  f o r  
w h ic h  Eq. ( 2 . 5 . 1 6 )  i s  s a t i s f i e d ,  we o n l y  n e e d  c o n s i d e r  two 
i s o s p i n  s t a t e s  o f  t h e  meson c l o u d  T = 0 and  T = 1. L e t  u s
c o n s i d e r  f i r s t  t h e  c a s e  T = 0.  I n  g e n e r a l  t h e  F ock  s p a c e
w a v e f u n c t i o n  o f  t h e  c l o u d  i s  g i v e n  by
. U >  = F ( a t a ) 10) ( 2 . 6 . 2 )
b u t  f o r  s t a t e s  o f  t h e  c l o u d  w i t h  t o t a l  i s o s p i n  z e r o ,  F c a n
o n l y  be  a f u n c t i o n  o f  t h e  i s o s c a l a r  c o m b i n a t i o n
r = i  a t a a t a ( 2 . 6 . 3 )
J a J
w h e re  T i s  a  s y m m e t r i c  t e n s o r  w i t h  r e s p e c t  t o  t h e  s p i n  
i n d i c e s .  Thus F m ust  be  o f  t h e  fo rm
v 4 “ > ■ = 5  c n ? i j y - - y .
n
o r  s i n c e ,  t h e  c l o u d  m ust  be  s y m m e t r i c  u n d e r  t h e  i n t e r c h a n g e  
o f  a l l  p i o n s
V < “ > ■ 5 ( 2 - 6 - 5>
where
= ( T  T T ' )  ( p  6 61i j k £ . . . y z  . i j  kfc** * yz  sym
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and th e  n o t a t i o n  ( ) i s  u sed  t o  i n d i c a t e  t h a t  th eoym
e x p re s s io n  must be symmetrized w i th  r e s p e c t  t o  a l l  i n d i c e s  
i  j  , .  . . . Now s in c e  T ^  i s  b i l i n e a r  i n  c r e a t i o n  o p e r a t o r s  t h e
s t a t e
must  be  an  e i g e n f u n c t i o n  o f  W w i t h  e i g e n v a l u e  t h a t
Zp . . . y z l ° >  -  - y z | 0 > .  ( 2 . 6 . 8 )
Thus when t h e  i s o s p i n  o f  t h e  c l o u d  i s  z e r o  t h e  s y s t e m  i s  
l i m i t e d  t o  e v en  v a l u e s  o f  t h e  e n e r g y ,  W = 0 , 2 a ) , . . . . Now 
l e t  us make a t r a c e  d e c o m p o s i t i o n  o f  t h e  s y m m e t r i c  t e n s o r  so  
t h a t
Ti ! k l . . . y Z * ( 2 - 6 ’ 9)
X
w here  Y} “ ' i s  a  s y m m e t r i c  t r a c e l e s s  t e n s o r  o f  r a n kx* yji • • • y z
2 n - 2 r  c o n t a i n i n g  2n c r e a t i o n  o p e r a t o r s  a ^ a t h a t  i s
v Y ^ n - 2 r )  g
p = i  t u . . . p . . . p . . . y z  U U . b . l O J
and
v ^+otQa v ( 2 n - 2 r ) | n \ 0 v ( 2 n - 2 r )E ua^ a  Y' '  0 )  = 2ainY> ,p p uu* • • yz  t  u. • • • y zJr
S i n c e  s y m m e t r i c  t r a c e l e s s  t e n s o r s  t r a n s f o r m  i r r e d u c i b l y  
u n d e r  t h e  r o t a t i o n  g r o u p , E q .  ( 2 . 6 . 9 )  i s  e q u i v a l e n t  t o  a  
p a r t i a l  wave d e c o m p o s i t i o n  o f  t h e  p i o n  c l o u d .  Thus e a c h  
t e r m  i n  t h e  e x p a n s i o n  ( 2 . 6 . 9 )  o f  t h e  fo rm
l * n r >  ’  y t u ? : f y z l ° >  ( 2 . 6 . 1 1 )
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I s  an e i g e n f u n c t i o n  o f  a n g u l a r  momentum w i t h  e i g e n v a l u e
L = 2m -  2 r  h 2m (m = 0 , 1 , 2 , . . . n )  ( 2 . 6 . 1 2 )
t h u s  when t h e  I s o s p i n  o f  t h e  c l o u d  i s  z e r o  t h e  e n e r g y  and 
a n g u l a r  o f  t h e  c l o u d  a r e
W -  w(L + 2 r )
( 2 . 6 . 1 3 )
L = 2m
w here  r  = 0 , 1 , 2 , . . .  i s  t h e  q uan tum  o f  r a d i a l  v i b r a t i o n .
Now l e t  us c o n s i d e r  t h e  c a s e  when t h e  i s o s p i n  o f  t h e  
c l o u d  i s  o n e .  S i n c e  t h e  c l o u d  must  be  s y m m e t r i c  u n d e r  t h e  
i n t e r c h a n g e  o f  a l l  p i o n s  t h e  Fock o p e r a t o r  i s  g i v e n  by
P l ( a + “ ) -  U ^ F 0 >sym = J oCnT « “ £ > _ yB
and by a r e p e t i t i o n  o f  t h e  a rg u m e n t  g i v e n  above  f o r  t h e  
T = 0 c a s e  t h e  e n e r g y  and a n g u l a r  momentum o f  t h e  c l o u d  i n  
t h e  i s o s p i n  one c a s e  a r e  g i v e n  by
W = <d(L + 2 r )
L = 2m + 1 (m = 0 , 1 , 2 , . . . ) .
S e c t i o n  2 . 7 . C om par ison  w i t h  E x p e r i m e n t a l  R e s u l t s .
I n  t h i s  s e c t i o n  we w ish  t o  compare  t h e  r e s u l t s  o f  
c a l c u l a t i o n s  i n  t h e  p r e v i o u s  s e c t i o n  w i t h  e x p e r i m e n t .  I n  
summary,  we fo u n d  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  b a r y o n  
e x c i t e d  s t a t e s  s a t i s f y  t h e  mass l e v e l  f o r m u l a
E2 = M2 + o»M(L + 2 r )
( 2 . 7 . 1 )
J  = L + |
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and
e v e n  f o r  I  = 1 /2  
L = ( 2 . 7 . 2 )
odd f o r  I  = 3 / 2 .
I n  T a b l e  2 a l l  t h e  p o s i t i v e  p a r i t y  n u c l e o n  r e s o n a n c e s  l i s t e d
■3
i n  t h e  t a b l e  o f  R o s e n f e l d ,  et_ a l . , a r e  d i s p l a y e d  t o g e t h e r  
w i t h  t h e  l e v e l s  p r e d i c t e d  by ( 2 . 7 . 1 )  and  ( 2 . 7 . 2 ) .  The d a t a  
w ere  f i t  u s i n g  t h e  v a l u e s  M2 = . 4 ( G e v ) 2 and  M<d = l . l ( G e v ) 2 . 
J p d e s i g n a t i o n  n o t  l i s t e d  i n  R e f .  3 b u t  c o n j e c t u r e d  i n  
p r e v i o u s  l i s t i n g s  on t h e  b a s i s  o f  t h e  Regge r e - o c c u r a n c e  
h y p o t h e s i s  have  b e e n  i n c l u d e d  and  a r e  d e s i g n a t e d  by an 
a s t e r i k .  A b l a n k  on t h e  e x p e r i m e n t a l  s i d e  i n d i c a t e s  a l e v e l  
p r e d i c t e d  by ( 2 . 7 . 1 )  and  ( 2 . 7 . 2 )  b u t  n o t  o b s e r v e d .  A b l a n k  
on t h e  t h e o r e t i c a l  s i d e  i n d i c a t e s  t h a t  no l e v e l  i s  p r e d i c t e d  
by ( 2 . 7 . 1 )  and  ( 2 . 7 . 2 )  b u t  t h a t  a  l e v e l  i s  o b s e r v e d  e x p e r ­
i m e n t a l l y .  As can be  s e e n  f rom  t h e  t a b l e  o f  t h e  f o u r t e e n  
l i s t e d  r e s o n a n c e s  we p o s s i b l y  f i t  a s  many a s  n i n e  i n  t h e  
r  = 0 s e q u e n c e .  I n  a d d i t i o n  ro u g h  f i t s  t o  t h e  N ( l 4 7 0 )  and  
N (1780)  a r e  o b t a i n e d  as  l e a d i n g  members ( L = 0 )  o f  an  r  = 1 
and  r  = 2 s e q u e n c e .  However t h e  t h r e e  r e s o n a n c e s  N ( l 8 6 0 ) ,  
A ( l8 9 0 )  a n d  a ( 1910) d e f i n i t e l y  do n o t  f i t  i n t o  t h e  p r e s e n t  
scheme and  s e p a r a t e  c o n s i d e r a t i o n s  w i l l  be  r e q u i r e d  i n  o r d e r  
t o  o b t a i n  t h e s e  r e s o n a n c e s .
T h e r e  e x i s t ,  o f  c o u r s e ,  many n e g a t i v e  p a r i t y  n u c l e o n  
r e s o n a n c e s  and  s i n c e  o n ly  P-wave p s e u d o s c a l a r  mesons w e re  
i n c l u d e d  i n  t h e  c l o u d ,  we c a n n o t  o b t a i n  s t a t e s  o f  n e g a t i v e  
p a r i t y  i n  t h i s  a p p r o x i m a t i o n .  I n  o r d e r  t o  o b t a i n  s t a t e s  o f
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n e g a t i v e  p a r i t y  one w ould  p r o b a b l y  h a v e  t o  i n c l u d e  t h e  
e f f e c t s  o f  S 3 D, e t c . ,  waves  and t h e  p i o n - p i o n  i n t e r a c t i o n .
CHAPTER 3
PHENOMENOLOGICAL MASS OPERATOR METHOD
S e c t io n  3 . 1 . I n t r o d u c t i o n .
T h e re  a r e  num erous  i n d i c a t i o n s  b o t h  e x p e r i m e n t a l  and  
t h e o r e t i c a l  t h a t  t h e  " e l e m e n t a r y  p a r t i c l e s "  a r e  com plex  
s t r u c t u r e s  p o s s e s s i n g  i n t e r n a l  s t r u c t u r e .  The l a r g e  q u a n t i ­
t y  o f  i n f o r m a t i o n  c o n c e r n i n g  t h e i r  p r o p e r t i e s  a p p a r e n t l y  c an  
be  u n d e r s t o o d  on t h e  b a s i s  o f  t h i s  i n t e r n a l  s t r u c t u r e .
The c o n v e n t i o n a l  m ethod  o f  r e l a t i n g  t h e  s t r u c t u r e  o f  
p a r t i c l e s  t o  t h e i r  o b s e r v e d  p r o p e r t i e s  i s  t o  o b t a i n  t h e  
w a v e f u n c t i o n  o f  t h e  s y s t e m  a s  t h e  s o l u t i o n  o f  a  r e l a t i v i s t i c  
bound s t a t e  e q u a t i o n  s u c h  a s  t h e  B e t h e - S a l p e t e r
[ { ( §  + p ) 2 + m2 h ( |  -  p ) 2 + m2 } -  v ( e 2 ) ] « ( x , e )  = o .  ( 3 . 1 . 1 )
In o rd e r  t h a t  a system d e s c r ib e d  by (3*1 .1 )  behave as
an e lem en ta ry  system , th e  w ave fu n c t io n  ij shou ld  t r a n s f o r m  In  
accordance  w i th  one o f  th e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of  
th e  inhomogeneous L o ren tz  group (IHLG) t h a t  i s ,  i t  shou ld  
a l s o  be an e i g e n v e c to r  o f  th e  Casimir  o p e r a t o r s :
P2* = -M2 ^ ( 3 . 1 . 2 )
W2 * = S(S + 1 H  ( 3 . 1 . 3 )
W3* = s 3 ( 3. 1. 4)
The u s e f u l n e s s  o f  t h i s  p r o g r a m  f o r  t h e  p u r p o s e  o f  f i t t i n g  
e x p e r i m e n t a l  d a t a  and  s t u d y i n g  t h e  r e l a t i v e  m e r i t s ,  o f
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v a r i o u s  h a d r o n  m o d e ls  i s  s e v e r e l y  l i m i t e d  a t  t h e  p r e s e n t  
t i m e  h o w e v e r ,  by t h e  m a t h e m a t i c a l  p r o b l e m  o f  s o l v i n g  t h i s  
e q u a t i o n .
I t  i s  f o r  t h i s  r e a s o n  t h a t  we w ou ld  l i k e  t o  s u g g e s t  i n  
t h e  p r e s e n t  p a p e r  a  more m o d es t  p h e n o m e n o l o g i c a l  p ro g ra m  
t h a t  i t  i s  h o p e d  w i l l  p r o v e  u s e f u l  i n  u n d e r s t a n d i n g  t h e  
i n t e r n a l  s t r u c t u r e  and  d y n a m ics  o f  p a r t i c l e s .  T h i s  p ro g ra m  
i s  s u g g e s t e d  by t h e  f o l l o w i n g  c o n s i d e r a t i o n s .
E q u a t i o n  ( 3 . 1 . 1 )  may f o r m a l l y  be r e w r i t t e n  ( n e g l e c t i n g
t h e  n o n c o m m u t iv i t y  o f  p and  5 ) a s1 y y
i s  a  u n i t  t i m e - l i k e  4 - v e c t o r  p a r a l l e l  t o  t h e  4-momentum o f  
t h e  c e n t e r  o f  m ass .
T h i s  e q u a t i o n  s u g g e s t s ,  i n  v iew  o f  t h e  c l o s e  f o r m a l  
a n a l o g y  o f  Eq. ( 3 - 1 . 5 )  and  Eq.  ( 3 - 1 . 2 ) ,  t h a t  one c o n s i d e r  an 
e q u a t i o n  o f  t h e  fo rm :
( P 2 + M2 ) ( P 2 + M f )« K X ,£ )  = 0 ( 3 - 1 - 5 )
where
M2 = (2M) 2+4p2-8(M*p)2+4*^/r( £ 2 ) + 4(M*p)^-4(M* p) 2 (p 2+M2 )





( P 2 + M2 ) iK X , £ )  = 0 ( 3 - 1 - 7 )
where  a f u n c t i o n  o f  t h e  fo rm
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i K X . O  = <|>p(X)Up( C) (3.1.8)
w i l l  y i e l d  a  s o l u t i o n  o f  ( 3 . 1 . 7 ) ,  i f  Up(£) i s  an e i g e n ­
f u n c t i o n  o f  t h e  mass s q u a r e d  o p e r a t o r  ( 3 . 1 . 6 )  t h a t  i s  i f
M*UpU) = Mj^UpU) ( 3 . 1 . 9 )
and  i f  4>p(X) i s  a  s o l u t i o n  o f  t h e  K l e i n - G o r d o n  e q u a t i o n
(- 9X 3X + M n } ^ ( X )  = 0 (3.1.10)
t h a t  i s  i f
y y
N ^4>p(X) = e N ( 3 . 1 . 1 1 )
w here
PN = ( p , i / p 2 + M2 ) = ( p , E p ) .
The com plex  s t r u c t u r e  o f  t h e  mass o p e r a t o r  ( 3 . 1 . 6 )  
makes t h e  s o l u t i o n  o f  Eq. ( 3 . 1 . 1 )  o r  ( 3 . 1 . 7 )  q u i t e  d i f f i c u l t  
and  s o l u t i o n s  o f  t h e  B e t h e - S a l p e t e r  e q u a t i o n  a r e  known o n ly  
f o r  p a r t i c u l a r l y  s i m p l e  s i t u a t i o n s .
I n  v iew  o f  t h i s  s i t u a t i o n ,  i t  w ou ld  seem e x p e d i e n t  f rom  
a p h e n o m e n o l o g i c a l  p o i n t  o f  v iew t o  c o n s i d e r  e q u a t i o n s  o f  
t h e  fo rm  ( 3 . 1 * 7 )  i n  w h ic h  t h e  form  o f  t h e  mass s q u a r e  
o p e r a t o r  i s  c h o s e n  a t  t h e  o u t s e t  on t h e  b a s i s  o f  m a t h e m a t i ­
c a l  s i m p l i c i t y  and  g u i d e d  by t h e  r e q u i r e m e n t s  o f  c o v a r i a n c e  
and  t h e  p o s i t i v e  d e f i n i t e  n a t u r e  o f  m ass .  H a v ing  c h o s e n  an  
e x p l i c i t  form f o r  t h e  mass o p e r a t o r ,  one may t h e n  ded uce  
fo rm  f a c t o r s  a n d  mass l e v e l s  a n d  compare  them  w i t h  t h e  
r e s u l t s  o f  h i g h  e n e r g y  e x p e r i m e n t s .
As s p i n o r  m a t t e r  i s  t h o u g h t  t o  be  f u n d a m e n t a l  i n  t h e  
s e n s e  t h a t  s p i n o r  r e p r e s e n t a t i o n s  o f  t h e  L o r e n t z  g ro u p  a r e  
f u n d a m e n t a l ,  i t  w o u ld  seem a p p r o p r i a t e  h a v i n g  fo u n d  a mass 
o p e r a t o r  w h ic h  d e s c r i b e s  e x p e r i m e n t a l l y  o b s e r v e d  p r o p e r t i e s  
o f  h a d r o n s ,  t o  l i n e a r i z e  i t s  K l e in - G o r d o n  Eq. ( 3 . 1 . 7 )  t o  
o b t a i n  D i r a c - l i k e  e q u a t i o n s  w h ic h  a r e  p r e s u m a b l y  more 
f u n d a m e n t a l l y  d e s c r i p t i v e  o f  t h e  i n t e r n a l  d y n a m ic s .  At 
f i r s t  s i g h t  t h i s  m ig h t  seem a t r i v i a l  e x e r c i s e  a s  i t  i s  w e l l  
known t h a t  t h e  l i n e a r i z a t i o n  o f  t h e  K l e i n - G o r d o n  e q u a t i o n  
l e a d s  t o  t h e  D i r a c  e q u a t i o n ,  h o w e v e r ,  i t  m us t  be  r e c a l l e d  
t h a t  t h e  mass s q u a r e d  i n  ( 3 . 1 . 7 )  i s  no l o n g e r  t r e a t e d  a s  a  
p a r a m e t e r  a s  i n  t h e  o r d i n a r y  K l e in - G o r d o n  e q u a t i o n ;  b u t  i s  
now a  f u n c t i o n  o f  i n t e r n a l  c o o r d i n a t e s  and  momenta and m ust  
be l i n e a r i z e d  t o g e t h e r  w i t h  t h e  k i n e t i c  t e r m .  T h i s  w i l l  be 
s e e n  b e lo w  t o  l e a d  t o  e q u a t i o n s  d i f f e r i n g  f rom  t h o s e  o f  t h e  
o r d i n a r y  D i r a c  e q u a t i o n .
I t  shou ld  be p o in t e d  ou t  t h a t  t h e  id e a s  p r e s e n te d  h e re  
a r e  not  new. The i d e a  t h a t  th e  s t r u c t u r a l  e q u a t io n s  o f  th e  
IHLG might s e rv e  as dynamic e q u a t io n s  was f i r s t  su g g e s ted  
many y e a r s  ago by D i r a c 1  ̂ and e q u a t io n s  o f  th e  form ( 3 . 1 . 7 )  
may be found i n  th e  n o n lo c a l  f i e l d  th e o ry  o f  Yukawa.^ Our 
aim i s  no t  to  p r e s e n t  any new o r  fundam enta l  approach but  
r a t h e r  t o  p o in t  out th e  phenom enologica l  p o s s i b i l i t i e s  
i n h e r e n t  i n  m u l t i l o c a l  f i e l d  t h e o r i e s  f o r  th e  d e s c r i p t i o n  o f  
systems p o s s e s s in g  i n t e r n a l  s t r u c t u r e .
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S e c t i o n  3 . 2 . Q u a n t i z a t i o n  o f  M u l t i l o c a l  F i e l d .
More g e n e r a l l y  one may c o n s i d e r  e q u a t i o n s  o f  t h e  form
P2 *(X £ (1 )  £ (2 )  E( N ) )
, 5 ii , 5 P * * • eu ( 3 . 2 . 1 )
= -  M2 ( n  j 5( 1 ) P ( 1 ) . . . 5 <N)P CN)) * ( X >5( 1 ) . . . 5 CN))y y ' y ^y * y  ' Y > ^y V
w here  and  a r e  c a n o n a l l y  c o n j u g a t e  i n t e r n a l
c o o r d i n a t e s  and  momenta s a t i s f y i n g  t h e  c o m m u ta t io n  r e l a t i o n s
[ p ^ , 5 ^ ]  = 6 . .  y , v = l , . . . 4' y * v l  y v i j  * *
i , j  = l , 2 , . . . N ( 3 . 2 . 2 )
and  P^ and  Xy a r e  r e s p e c t i v e l y  t h e  t o t a l  momentum and  c e n t e r
o f  mass c o o r d i n a t e s  s a t i s f y i n g  t h e  c o m m u ta t io n  r e l a t i o n
[P ,X ] = J- 6 . ( 3 - 2 . 3 )y* v i  y v  J J
The c o o r d i n a t e s  and  momenta a r e  assum ed  t o  t r a n s f o r m  as  f o u r  
v e c t o r s  u n d e r  t h e  homogeneous L o r e n t z  t r a n s f o r m a t i o n  
g e n e r a t e d  by
L = M + S ( 3 . 2 . 4 )y v y v y v
M = X P -  X P ( 3 . 2 . 5 a )yv y v  v y
S = Z (C ( l ) p (±)  -  e ( 1 ) p ( l ) ) .  ( 3 . 2 . 5 b )
yv i = i   ̂ v v ' y




U . t f ” . . ' . ^ )  . e  N NUb ( 5,( 1 > . . . 5 <N) )  ( 3 . 2 . 6 )
w here
V)  {
' '  'y
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M2u” ( s j ; 1 ) . . . ? < N ) ) = M2u“ ( 5 ^ 1 ) . . . s ' N ) ) ( 3 . 2 . 7 )
and  Up i s  o b t a i n e d  f rom  t h e  c o r r e s p o n d i n g  s o l u t i o n  i n  t h e  
r e s t  f r a m e  by a  s u i t a b l e  L o r e n t z  t r a n s f o r m a t i o n
= U ^ ( L ( p ) 5 ( 1 ) . . . L ( p ) s ( N ) ) ( 3 . 2 . 8 )
w h e re  L (p )  I s  t h e  b o o s t  f ro m  t h e  r e s t  f r a m e ,  ip i s  t h e n  a 
s o l u t i o n  o f  ( 3 - 2 . 1 )  i f
PN = ( V ’ t y  = ( P , ^ P 2 + M2 . ( 3 . 2 . 9 )
The e i g e n f u n c t i o n s  o f  t h e  mass s q u a r e d  o p e r a t o r  Up fo rm  a 
c o m p l e t e  o r t h o n o r m a l  s e t ’
fTT*NTTN» 4 c ( l )  h M N )  -  * t o  o i n )
* P P 5 • • •< * ?  = <sNN, ( 3 . 2 . 1 0 )
I  uNU ( 1 ) . . . , ( N ) ) u *Nu ( 1 ) ’ <>>c( N ) ’ )
N P
= ’ ) . . . 5 ^  ( -  ? (N^ ' )  ( 3 . 2 . 1 1 )
and  a  g e n e r a l  s o l u t i o n  o f  ( 3 . 2 . 1 )  may be  w r i t t e n  a s
/ a £ i _ (ANe l p N - V ( E ( i ) _ _ _ E( N ) )
( 2 n ) 3 / 2  N ^2E^ P P
+BpNe Pn V*NU ( 1 ) . . . S( N ) ) )  ( 3 . 2 . 1 2 )
w here
VpN = u^ p ( ? ( 1 ) . . . ^ ( N ) ) .  ( 3 . 2 . 1 3 )
E q u a t i o n  ( 3 . 2 . 1 )  may be  b r o u g h t  i n t o  h a m i l t o n i a n  form
94> _ ________ 6H 3H _ _ 6H
9xo 6H(X, ) 3xo 51/) ( X, )
(3.2.14)
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where  t h e  f u n c t i o n a l  d e r i v i t i v e s  a r e  d e f i n e d  by
6<Kx , x0 , 5 ( 1 )  . . • £( N ) )
T X T  7 n P6 < K x ' , x o i r  '  . . . V  J )
= 6 ^ 3 \ x - x ! — *) - .  — ? )
*
If" = 0 etc* (3.2.15,)
and  n and  H a r e  d e f i n e d  by
n = | f -  n* = | f -  (3.2.16)
o o
H = / d 3x / d lj5( 1 ) . . . d llC( N ) ( | f -  If- + ( *  vg;) + .3X 3Xo o
(3.2.17)
The ip f i e l d  i s  t h e n  q u a n t i z e d  by a s s u m in g  t h a t  ip a nd  n 
a r e  f i e l d  o p e r a t o r s  and  i m p o s in g  t h e  c o m m u ta t io n  r e l a t i o n s
'x =x ’o o
[ n ( x , , ^ ) . . . c ( N ) ) ^ ( x - , c (1) , . . . c ( N ) , ) ] :
= f8(3)(x-x')6(i,)(C-5, )...6i|(CN“5N,) (3.2.18)
[ n , n ] x , = [ * , * ]  f = 0 ( 3 . 2 . 1 9 )
o o o o
a r e  a l t e r n a t e l y  by i m p o s in g  t h e  c o m m u ta t io n  r e l a t i o n s
C A ^ A « ' :  = 6NNI6<3 > ( p - p M
ca^ a n ; ]  = ca; n , a^ ’ ] -  0
( 3 . 2 . 2 0 )
and
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-  W ‘ ( 3 ) < ™ ' >
= [B+N.bJ 1? ' ]  -  0
on t h e  F o u r i e r  a m p l i t u d e  ( 3 . 2 . 1 2 ) .
S u b s t i t u t i n g  ( 3 . 2 . 1 2 )  i n t o  ( 3 . 2 . 1 6 )  and  m ak ing  u s e  o f  
t h e  c o m m u ta t io n  r e l a t i o n s  ( 3 . 2 . 2 0 - 2 1 )  we h a v e
H = E / d 3p E ^ ( A ^ V  + B*NB*|). ( 3 . 2 . 2 2 )
JsJ P P P P P
S e c t i o n  3 . 3 . I n t e r a c t i o n  w i t h  L o c a l  S c a l a r  F i e l d  P r o p a g a t i o n
o f  N o n -L o c a l  F i e l d  and t h e  S - M a t r i x  E x p a n s i o n .  
D e f i n i n g  t h e  "vacuum" s t a t e  by t h e  r e q u i r e m e n t  t h a t
Ap| 0> = | 0 > = 0 ( 3 . 3 . 1 )
t h e  vacuum e x p e c t a t i o n  v a l u e s  o f  t h e  p r o d u c t  o f  two f i e l d  
a m p l i t u d e s  may be  e a s i l y  c a l c u l a t e d  and t h e  r e s u l t s  a r e  
g i v e n  by
< 0|i|i(X,e)i|»*(Y,n) |0>
E r d^D l p N , ( X  Y ) * N,  nttN / _ x  /  - r ^  e U ( n ) U_( c )
2 ( 2 n ) 3 N EP P P
<0|^*(Y,n)4»(X,e) 10 >
( 3 . 3 . 2 )
r d ^ £  l p N ' (Y_X) *N, w.N , ,
J e U_n (n )U _n ( 0 -
2 ( 211) 3 N EP
The p r o p a g a t i o n  f u n c t i o n  o f  t h e  b i - l o c a l  f i e l d  may t h e n  be 
d e f i n e d  a s  t h e  vacuum e x p e c t a t i o n  o f  t h e  T p r o d u c t  i n  t h e
i\2
f o l l o w i n g  way
<0|T(«CX,5)4»*CY,n) |0>
= 0 ( x o- y o > < ° I * U , 5 ) *  ( Y , n ) | 0 >  ( 3 . 3 . 3 )
+ e ( y 0 ~ x 0 ) < °  i ^ * ( Y > n ) ^ C x , C ) l ° > .
w h ere  0 i s  t h e  u n i t  s t e p  f u n c t i o n  d e f i n e d  by
i +°°rt . lT ( X o - y o) 0 xn <y .
» ( V ^ o '  = 5 1    - ° 0 (3-3-4)
- »  t -  i e  1 x >y .o o
S u b s t i t u t i n g  ( 3 . 2 . 1 2 )  and  ( 3 * 3 . 4 )  i n t o  ( 3 . 3 * 3 )  we h a v e
DpCX-Y . C . n )  = ~~ w t. / d V  ai p -‘X-Y)U*N (n)u'!(5)
<2*)T H P2 + MP - i e  ( 3 3 5 )
f o r  t h e  p r o p a g a t i o n  f u n c t i o n  o f  t h e  n o n - l o c a l  f i e l d .
I n t e r a c t i o n  w i t h  l o c a l  f i e l d s  o r  more g e n e r a l  w i t h  
o t h e r  b i - l o c a l  f i e l d s  may be  I n t r o d u c e d  i n  a  v a r i e t y  o f  ways 
b u t  f o r  o u r  p u r p o s e  i t  i s  s u f f i c i e n t  t o  c o n s i d e r  t h e  i n t e r ­
a c t i o n  o f  t h e  b i - l o c a l  f i e l d  w i t h  a  l o c a l  s c a l a r  f i e l d  g i v e n  
by t h e  s i m p l e  i n t e r a c t i o n  h a m i l t o n i a n
H(X) = g /  / ( X O < J > ( X O $ ( X + O d 4 e
n ( 3 . 3 . 6 )
e /  j ( x , s ) < K x + O c T s
w h ere  we hav e  i m p l i c i t y  a s su m e d  t h a t  £ i s  t h e  p o s i t i o n  
v e c t o r  o f  t h e  p o i n t  o f  i n t e r a c t i o n  r e l a t i v e  t o  t h e  c e n t e r  
o f  mass c o o r d i n a t e  X.
The S - m a t r i x  e x p a n s i o n  may t h e n  be  d e f i n e d  i n  t h e  
f o l l o w i n g  way:
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n=0
= 1 - 1  / d x - j R ^ )  + -~-g / d x 1d x 2T ( H ( x 1 )H ( x 2 ) ( 3 . 3 * 7 )
+
* •  •  •  •
S e c t i o n  3 * 4 . Model Mass O p e r a t o r .
A l th o u g h  t h e  mass s q u a r e d  o p e r a t o r s  s u g g e s t e d  by o u r  
a n a l y s i s  o f  t h e  B e t h e - S a l p e t e r  e q u a t i o n  a r e  v e r y  c o m p lex ,  
t h e y  do show some g e n e r a l  f e a t u r e s  w h ic h  may be  i n c o r p o r a t e d  
i n  o u r  p h e n o m e n o l o g i c a l  mass o p e r a t o r .  They a r e  f u n c t i o n s  
o f  t h e  i n v a r i a n t  c o m b i n a t i o n s  t h a t  c a n  be  fo rm ed  f rom  t h e  
a v a i l a b l e  4 - v e c t o r s  p ,  £; and  n .  T h i s  s u g g e s t s  t h a t  we 
c o n s i d e r  mass s q u a r e d  o p e r a t o r s  o f  t h e  fo rm
i s  a  u n i t  t im e  l i k e  v e c t o r  p a r a l l e l  t o  f o u r  momentum o f  t h e  
c e n t e r  o f  m ass .
O u r . a n a l y s i s  o f  t h e  t r a j e c t o r y  p r o b l e m  i n  t h e  p r e v i o u s  
c h a p t e r s  h a s  shown t h a t  a mass s q u a r e d  o p e r a t o r  w h ic h  i s  
p r o p o r t i o n a l  t o  a h a rm o n ic  o s c i l l a t o r  h a m i l t o n i a n  w i l l  
r e p r o d u c e  t h e  e x p e r i m e n t a l l y  o b s e r v e d  l i n e a r  t r a j e c t o r y .  The 
t r a j e c t o r y  p r o b le m  t h u s  s u g g e s t s  t h a t  we c o n s i d e r  a  mass 
s q u a r e d  o p e r a t o r  p r o p o r t i o n a l  t o  a r e l a t i v i s t i c  h a rm o n ic  
o s c i l l a t o r .  We m i g h t ,  f o r  e x a m p le ,  c o n s i d e r  an o p e r a t o r  o f





t h e  form
M2 = p 2 + w2 52 . ( 3 . 4 . 2 )
Mass o p e r a t o r s  o f  j u s t  t h i s  fo rm  hav e  b e e n  em ployed  by 
18Feynman i n  a  r e l a t i v i s t i c  q u a r k  model  w h ich  h a s  e n j o y e d  a 
c o n s i d e r a b l e  amount o f  e x p e r i m e n t a l  s u c c e s s .  O p e r a t o r s  o f  
t h i s  fo rm  have  a l s o  b e e n  em p loy ed  by S u s s k i n d 1^ t o  o b t a i n  
V e n e z i a n o - l i k e  a m p l i t u d e s .  However ,  t h e  mass s q u a r e d  
o p e r a t o r  ( 3 . 4 . 2 )  i s  n o t  b ou n d e d  be lo w  due t o  t h e  n e g a t i v e  
e n e r g y  c o n t r i b u t i o n s  o f  t h e  t i m e - l i k e  o s c i l l a t i o n s  and 
s u b s i d i a r y  c o n d i t i o n s  must  be  i n t r o d u c e d  i n  o r d e r  t o  a v o i d  
u n p h y s i c a l  o r  g h o s t  s t a t e s .
I n  o r d e r  t o  a v o i d  t h e  i n t r o d u c t i o n  o f  s u c h  s u b s i d i a r y  
c o n d i t i o n s  and s t i l l  i n s u r e  t h a t  t h e  mass s q u a r e d  o p e r a t o r  
i s  p o s i t i v e  d e f i n i t e ,  l e t  u s  c o n s i d e r  t h e  g e n e r a l  q u a d r a t i c  
e x p r e s s i o n
M2 = M2 + Ap2 + B£2 + 2hp*c + A1(n* p ) 2
+ 2 h f ( n - p ) ( n - ?) + B ' ( n * e ) 2 . ( 3 . 4 . 3 )
We may w i t h o u t  l o s s  o f  g e n e r a l i t y  d ro p  t h e  t e r m s  i n  h and h '  
a s  t h e y  may a lw ay s  b e  e l i m i n a t e d  by a s u i t a b l e  c a n o n i c a l  
t r a n s f o r m a t i o n ;  and Eq. ( 3 - 4 . 3 )  may be w r i t t e n  a s
M2 = M2 + Ap2 + B£2 + A ' ( n - p ) 2 + B ' ( n - £ ) 2 . ( 3 . 4 . 4 )
I n  t h e  r e s t  s y s t e m  o f  t h e  c e n t e r  o f  mass t h e  e x p r e s s i o n  
r e d u c e s  t o
M2 = M2 + A p 2 + B l 2 + ( A ' - A ) p 2 + ( B ' - B ) ^ .  ( 3 . 4 . 5 )
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The p o s i t i v e  d e f i n i t e  r e q u i r e m e n t  may t h e n  be  s a t i s f i e d  by 
r e q u i r i n g  t h a t
A' > A > 0
and  ( 3 . 4 . 6 )
B' > B > 0.
I n t r o d u c i n g  t h e  v a r i a b l e s
a) = /AB
and ( 3 - 4 . 7 )
oo0 = / ( A ' - A ) ( B ' - B )
t h e  e q u a t i o n  may be  w r i t t e n  as
2
(M2 -  m j ; ) u £ u )  = [A^2 + ^  + (A* - A ) p 2 + ^ I a ^ ]Uo U ) ‘
( 3 . 4 . 8 )
The e i g e n v a l u e  e q u a t i o n  f o r  t h e  mass s q u a r e d  o p e r a t o r  i s  
t h u s  seemed t o  r e d u c e  i n  t h e  c e n t e r  o f  mass s y s t e m  t o  t h e  
e i g e n v a l u e  e q u a t i o n  o f  a  f o u r  d i m e n s i o n a l  h a rm o n ic  
o s c i l l a t o r .  F o r  t h e  s p e c i a l  c h o i c e  o f  c o n s t a n t s
A' = 2A, B' = 2B o r  o) = w ( 3 . 4 . 9 )
t h e  o s c i l l a t o r  s y s t e m  h a s  0 ( 4 )  sym m etry .
S i n c e  o u r  i n t e r e s t  i s  i n  t h e  t r a j e c t o r y  p r o b le m  l e t  us  
d e t e r m i n e  t h e  e i g e n f u n c t i o n s  o f  ( 3 . 4 . 8 )  w h ich  a r e  a l s o  
s i m u l t a n e o u s  e i g e n f u n c t i o n s  o f
W2 Uq ( S )  = ( t x j o ) 2 U q ( ? )  = a U + D U q U )
(3.4.10)
W3u£(0  = (txp)3uN(o .  mujju).
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S i m u l t a n e o u s  e i g e n s t a t e s  o f  t h e s e  e q u a t i o n s  may be  r e a d i l y  
c a l c u l a t e d  and  t h e  e i g e n v a l u e s  o f  t h e  mass s q u a r e d  o p e r a t o r  
a r e  g i v e n  by
M2 = M£2 + 2u)U + 2k + 3 / 2 )  + 2a)0 ( n 0 + 1 / 2 )
= M2 + 2wU + 2k) + 2a>on o . ( 3 . 4 . 1 1 )
A p p l i c a t i o n  o f  a  L o r e n t z  b o o s t  t o  t h e  G a u s s i a n  g r o u n d  s t a t e  
w a v e f u n c t i o n  t h e n  y i e l d s
w here
A0 = A' -  A. ( 3 - 4 . 1 3 )
S e c t i o n  3 . 5 . Ground S t a t e  V e r t e x  F u n c t i o n  and  Form F a c t o r .
I n  t h i s  s e c t i o n  we w i s h  t o  c a l c u l a t e  t h e  v e r t e x  f u n c t i o n  
c o r r e s p o n d i n g  t o  t h e  g r o u n d  s t a t e  o f  t h e  i n t e r n a l  wave­
f u n c t i o n .  F o r  t h i s  p u r p o s e  we must  c a l c u l a t e  t h e  F o u r i e r  
t r a n s f o r m  o f  t h e  c u r r e n t  m a t r i x  e l e m e n t  o f  t h e  b i - l o c a l  
f i e l d ;  t h a t  i s ,
<P' | r ( a ) | p > = J<p» | g i A x , £ ) i K X , 0 | P > e 1A‘ cd V  ( 3 . 5 . 1 )
where
|P  > = |p ,N  = 0 > and  < P r | = <P'N* = 0|
a r e  g r o u n d  s t a t e  w a v e f u n c t i o n s  o f  momentum P and  P ' .
E q u a t i o n  ( 3 - 5 - 1 )  may be  r e w r i t t e n  as
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< P * | r (  a ) | P ) = g e i ( P " p ,) ’ X/ d ilc e i A ‘ c < P | / ( 0 , O  | 0 > < 0 | ^ ( 0 , c )  |P>
( 3 . 5 . 2 )
i ( P - P r )* X
= ?----- -------- -----  F(A) ( 3 . 5 . 3 )
( 2 n ) 3
where
i  » i  i f t 2-  ■gf^(( F ' ' ;>2̂ p ' ? )2) + i a - ;
P U )  E ' d  5 e  2Mo ( 3 . 5 . 4 )
i s  t h e  fo rm  f a c t o r  and  t h e  o t h e r  f a c t o r s  i n  Eq. ( 3 . 5 . 3 )  a r e  
v e r t e x  f a c t o r s  f a m i l i a r  f rom  l o c a l  f i e l d  t h e o r y .
I n t r o d u c i n g  t h e  c h an ge  o f  v a r i a b l e s
P = K + |  K = | ( P  + P » )
o r  ( 3 . 5 . 5 )
P ' = K - |  A = ( P -  P ' )
t h e  e x p r e s s i o n  may be  r e w r i t t e n  a s
a  £ [ * * 4 ^  + i A i n i ] + u . e .
, ^ 2 ,  uo ,  A M 4M
P(A) ( nA) ( nAQ) /  5 ( 3 . 5 , 6 )
By a  s u i t a b l e  c h a n g e  o f  v a r i a b l e s  t h e  i n t e r g r a n d  may be  
r e d u c e d  t o  a  p r o d u c t  o f  G a u s s i a n  f a c t o r s  w h ich  a r e  r e a d i l y  
i n t e g r a t e d  t o  y i e l d
e x p { ~ ^  A2 ( l  + ( i  + J L  !!£) -A -}
2u> <*> JiM2
p ( A) =     ' ■ ~ 9----- ■ ' - ( 3 . 5 . 7 )
/  » <77 72 A~ ~2
/  i  + ( i  + A .  - L - )  ( i  + (1  + °  h l  A }
o w 4M wo 4M
I n  t h e  0 ( 4 )  s y m m e t r i c  c a s e  when A = A,, and u> = m t h e  formo o
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f a c t o r  r e d u c e s  t o
2
F(A 2 ) = — ^ — 2 e x p ( - ~  - A-A ( 3 . 5 . 8 )
1 + | «  M l  + - \ )
c.ii 2M
2 2F o r  s m a l l  momentum t r a n s f e r  A << 2M , t h e  e x p r e s s i o n s  
b e h a v e s  as
-A a 2
F(A2 ) «  e ^  ( 3 . 5 . 9 )
p pand  f o r  l a r g e  momentum t r a n s f e r  A >> 2M
-AM2
F(A2 ) » e  2w — — p.  ( 3 . 5 . 1 0 )
2M + A
I t  I s  I n t e r e s t i n g  t o  n o t e  t h a t  t h e  l a r g e  momentum
t r a n s f e r  f u n c t i o n a l  d e p e n d e n c e  ( 3 . 5 . 1 0 )  I s  v e r y  s i m i l a r  t o
20t h e  fo rm  f a c t o r  o b t a i n e d  by Nambu on t h e  b a s i s  o f  h i s
i n f i n i t e  component  f i e l d  t h e o r y ;  and t h a t  f o r  s m a l l  momentum
t r a n s f e r  t h e  fo rm  f a c t o r  i s  G a u s s i a n .
2How ever ,  t h e  1/A d e p e n d e n c e  o f  o u r  form f a c t o r  f o r  
l a r g e  momentum t r a n s f e r  i s  a p p a r e n t l y  i n c o n s i s t e n t  w i t h  t h e  
l a r g e  momentum t r a n s f e r  d e p e n d e n c e  o f  t h e  p r o t o n  e l e c t r o ­
m a g n e t i c  fo rm  f a c t o r  d e t e r m i n e d  f rom  e l e c t r o n - p r o t o n  
s c a t t e r i n g  e x p e r i m e n t s .
21The p r e s e n t  e x p e r i m e n t a l  m e a s u r e m e n t s  o f  t h e
e l e c t r o - m a g n e t i c  fo rm  f a c t o r  a p p e a r  t o  be  c o n s i s t e n t  w i t h  a 
-4A d e p e n d e n c e  f o r  l a r g e  momentum t r a n s f e r .
S e c t i o n  3 . 6 . S c a t t e r i n g  v i a  E xchange  o f  a  S t r u c t u r e l e s s
S c a l a r  F i e l d .
I n  t h i s  s e c t i o n  t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n  f o r
s c a t t e r i n g  i s  c a l c u l a t e d  i n  t h e  Born  a p p r o x i m a t i o n  and  t h e
22r e s u l t s  a r e  com pared  w i t h  t h e  p r e d i c t i o n s  o f  t h e  S e b e r  model  
f o r  l a r g e  a n g l e  P-P  s c a t t e r i n g  w h ic h  h a s  e n j o y e d  some e x p e r ­
i m e n t a l  s u c c e s s .  The m odel  p r e s e n t e d  h e r e  a l l o w s  us  t o  s e e  
t h e  k i n d  o f  o b s e r v a b l e  e f f e c t s  t h e  fo rm  f a c t o r s  a n d  v e r t e x  
f u n c t i o n s  c a l c u l a t e d  i n  t h e  p r e v i o u s  s e c t i o n  g i v e  r i s e  t o .  
T h e r e  i s  c o n s i d e r a b l e  room f o r  im p r o v e m e n t .  I n  t h i s  m o d e l ,  
f o r  e x a m p le ,  we have  n o t  t a k e n  i n t o  a c c o u n t  shadow e f f e c t s  
w h ic h  a r e  known t o  be  i m p o r t a n t  i n  t h e  s m a l l  a n g l e  r e g i o n .
L e t  us  assum e t h a t  t h e  p r o t o n  i s  d e s c r i b e d  by t h e  
n o n - l o c a l  ip f i e l d  whose mass s q u a r e d  e i g e n f u n c t i o n  a r e  g i v e n  
by t h e  o s c i l l a t o r  model  o f  ( 3 . ^ ) .  The i n t e r n a l  w a v e f u n c t i o n  
o f  t h e  p r o t o n  s t a t e  b e i n g  g i v e n  by t h e  g ro u n d  s t a t e  wave­
f u n c t i o n  o f  t h e  o s c i l l a t o r  m o d e l .  The i n t e r a c t i o n  w i t h  t h e  
p i o n  f i e l d  b e i n g  d e s c r i b e d  by t h e  i n t e r a c t i o n  h a m i l t o n i a n
H(X) = -g  /  d 4 ? ip* (X O « (X 5 )* (X + 5 ) .  ( 3 . 6 . 1 )
The l o w e s t  o r d e r  S - m a t r i x  e l e m e n t  f o r  ijj— s c a t t e r i n g  i s  
g i v e n  by
<f | S | i ) = 5f l  -  - | / d x d y d 5 d n < f | J ( X ? ) J ( y n ) | i > A p ( x - y  + ? - n ) .
( 3 . 6 . 2 )
S u b s t i t u t i n g  t h e  p i o n  p r o p a g a t o r
. ik*X h
V X) - / "T "2 d k* ( 2 n r  k d + p^
i n t o  ( 3 - 6 . 2 )  we h a v e
( f  | S | i > = 6 +  — -— n- I - ^ - k /  dXdY e l k ( X " Y)
11 2 ( 2 n )  k + p
x < f | J ( X , k ) J ( Y , - k ) | i )
w here
and
J ( X , ± k )  = /  J ( X , £ )  e ± l k *?d \
< P ^ P ^ | J ( X , k ) J ( Y , - k ) | P 1P 2 > = 2 [ < P j _ | J ( 0 , k ) | P 1 >
x <P’ | J ( 0 , - k )  | P 2 > e x p [ i ( P 1- P p * X + i ( P 2- P « ) - Y ]
+ < P £ | J ( 0 , k )  (P1) < P ^ | J ( 0 , - k )  | P 2> e x p [ i ( P r P p - X
+ i (P 2- P ' ) * Y ] .
S u b s t i t u t i n g  ( 3 . 6 . 6 )  i n t o  ( 3 . 6 . 2 )  we t h e n  h a v e
< f | S | i >  = s f i  + ( 2 n ) 4i 6 2,( P f  -  P± ) 
r < P | | j ( 0 , P * - P 1 ) | P 1 ) < P J | J ( 0 , P 1-P*>) | p 2>
x  [  -  -
( P ^ P ' T  + p^
< P ' | J ( 0 , P ^ - P 1 ) I P ^  < p . j J j ( o , P 1- p p  | p 2 >
+ ( p 2 - p p 2 ♦ , 2
Or d e f i n i n g  t h e  T - m a t r i x  by
< f  | S { i  > = 6 f l  -  2 n i  6 (2 , ) ( P f - P i ) < f  | T | i  >
we hav e
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( 3 . 6 . 3 )
( 3 . 6 . 4 )
( 3 . 6 . 5 )
( 3 - 6 . 6 )
( 3 . 6 . 7 )
( 3 . 6 8 )
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.  <p » | J C 0 , p » - p  ) |p  > < p * | j ( o ap. - P » ) | p  >
<f I t | i  ) = _ ( 2 n ) 3 [ — -i i  1 b 2 3------ 1 - I: 1 2
( P - j - P * ^  + v
<P' | J ( Q , P ' - P  ) | p  ><p* | J  (0 ,P-, -P p  ) | Pp>
+ —  -------------— - --- — -  -------£ - ] .  ( 3 . 6 . 9 )
(P 2- P £ ) ^  + y
Where <P* | J ( 0 , k ) | P > i s  t h e  v e r t e x  f u n c t i o n  c a l c u l a t e d  i n  
S e c t i o n  3 -5  and can  be  w r i t t e n  a s
< P » | J ( 0 , k ) | P >  = -----------S -.............F ( ( P ^ - P 1 ) 2 ) 6 ( P - P ’ - k ) .
( 2 n ) 3 2 ^ E p , Ep ( 3 . 6 . 1 0 )
S u b s t i t u t i n g  ( 3 . 6 . 1 0 )  i n t o  ( 3 . 6 . 9 )  we h a v e
< f | T | i >  =  t B 2 + i f l i i l ] .  ( 3 . 6 . 1 1 )
( 2 n ) 34Ep y - t  y - u  ■
The d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  t h e n  g i v e n  i n  t e r m s  o f  t h e
T - m a t r i x  by
f f  = < 2 ^ | < f | T | i > | 2 6(W1 -  Wf ) ^ £  ( 3 . 6 . 1 2 )
and  i s  r e a d i l y  c a l c u l a t e d  t o  y i e l d
= t 4 ^ ) 2 c 4 ^ + 4 ^ ) 2 - < 3 . 6 . 1 3 )
y - t  y - u
Making u se  o f  t h e  e x p l i c i t  fo rm  f o r  t h e  form f a c t o r
c a l c u l a t e d  i n  S e c t i o n  3 . 5  we may now e xam in e  t h e  t - d e p e n d e n c e
o f  ( 3 . 6 . 1 3 )  i n  t h e  v e r y  h i g h  .e n e rg y  r e g i o n s .  Assum ing  0 ( 4 )
symmetry c r o s s - s e c t i o n  b e h a v e s  as
At-o n 77̂
~  ~~2  p f ° r  - t  << 2 M2 ( 3 . 6 . 1 4 )
“  ( y  - t ) 2y
and
where  we have  n e g l e c t e d  t h e  u - c h a n n e l  w h i ch  i s  known n o t  t o  
be  i m p o r t a n t  a t  l e a s t  i n  t h e  f o r w a r d  d i r e c t i o n .  T hu s  t h e  
t - d i s t r i b u t i o n  i s  G a u s s i a n  f o r  s m a l l  momentum t r a n s f e r  and 
f o r  l a r g e  momentum t r a n s f e r  t h e  c r o s s - s e c t i o n  d e c r e a s e s  a s  
1 / t ^ .  T h i s  i s  e s s e n t i a l l y  t h e  same r e s u l t  as  t h a t  o b t a i n e d  
by S e r b e r  on t h e  b a s i s  o f  a n o t h e r  m od e l .
I n  P i g .  2 Eq.  ( 3 . 6 . 1 3 ) ,  n e g l e c t i n g  t h e  u - c h a n n e l ,  i s
d i s p l a y e d  i n  a  l o g - l o g  p l o t  o f  vs  - t .  The e x p e r -
o 20
m e n t a l  p o i n t s  a r e  l a b e l e d  a s  f o l l o w s :  P o l e y ,  eit a l . ,
P Up Q = 1 6 . 7  Gev/ c  o ,  pQ = 1 0 . 8  Ge v / c  a ;  D i d d e n s ,  ert a l . , x ;
25C o c c o n i ,  e t  a l . , Q.  The m e a s u r e d  p o i n t  o f  h i g h e s t  t
r e p r e s e n t s  p Q = 31 Gev / c  s c a t t e r i n g  a t  8 2 . 5 °  c e n t e r  o f  mass
2 2a n g l e .  The d a t a  was f i t  u s i n g  t h e  v a l u e s  M = 1 (Gev)  and 
A = 1 . 8 4 .  As can  be  s e e n  f r o m  t h e  f i g u r e  t h e  e f f e c t  o f  o u r  
f orm f a c t o r  may n o t  be  i n  c o n f l i c t  w i t h  h i g h  e n e r g y  
e x p e r i m e n t s .
S e c t i o n  3 . 7 . S c a t t e r i n g ,  Regge P o l e s  and  L i n e a r  R i s i n g
T r a j e c t o r i e s .
I n  t h i s  s e c t i o n  we w i s h  t o  c a l c u l a t e  t h e  l o w e s t  o r d e r  
S - M a t r i x  e l e m e n t  f o r  s c a t t e r i n g .  The i n t e r a c t i o n  
h a m l l t o n i a n  i s  a g a i n  g i v e n  by
53
H(X) = g / / ( X S H U s H U + O d V  ( 3 - 7 . 1 )
The S - m a t r i x  e l e m e n t  d e s c r i b i n g  t h e  s c a t t e r i n g  i s  g i v e n  by
,n
( f  j S | i  ) = 6f . + <f I n I / a X J . . . d k nT(H(X1 ) . . . H ( X n ) ) | i >
/  •  \  i( - 1 )
j u .a  ) * • • V V  ̂  ̂ ^
( 3 . 7 . 2 )
whe re
< f |  = ( P ' N ' j k ' l  and  | i >  = | P ,N ;k >
P and  N and  d e n o t e  r e s p e c t i v e l y  t h e  f o u r  momentum and 
i n t e r n a l  quan tum number s  o f  t h e  n o n - l o c a l  \|> f i e l d  ( p r o t o n )  
and  k d e n o t e s  t h e  f o u r  momentum o f  t h e  l o c a l  p i o n  f i e l d .
The f i r s t  n o n - v a n i s h i n g  t e r m  o f  ( 3 . 7 . 2 )  i s  t h e n  g i v e n  by
( f  | S | i ) = Sf i  -  2 n i  6 ( 4 ) (Pn + k -  PjJj , -  k T)X
l  ( < P fN' I r ( - k )  lP+k,N" )  (P + k , N ” 1 r ( k )  |PN> ( 3 . 7 . 3 )
N” (PN+k ) 2 +
+ <P, Nt 1 r ( k )  1 P - k 1 yN11) < P - k * ,N" | r ( - k f ) |PN) j
( V k ) 2  + MN"
where
<P’N’ | r ( +k |PN> = /U*1? ' ( c ) U p ( c ) e ± l k *Cd i,C ( 3 * 7 . ^ )
c o r r e s p o n d s  t o  t h e  u s u a l  v e r t e x  f u n c t i o n  and can  be  c a l c u ­
l a t e d  when t h e  i n t e r n a l  w a v e f u n c t i o n  Up(? )  i s  e x p l i c i t l y  
g i v e n .
The d e n o m i n a t o r  o f  t h e  f i r s t ,  t e r m  i n  Eq.  ( 3 . 7 - 3 )  r e d u c e s  
i n  t h e  c e n t e r  o f  mass s y s t e m  t o
(PN + k ) 2 + M2 ,, = - s  + M2 ,, ( 3 - 7 . 5 )
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where  s i s  t h e  s q u a r e  o f  t h e  t o t a l  c e n t e r  o f  mass e n e r g y .
I f  we now assume t h a t  t h e  mass  s q u a r e d  e i g e n v a l u e s  a r e  t h o s e  
g i v e n  by t h e  o s c i l l a t o r  model  d e s c r i b e d  i n  S e c t i o n  3 .4  
Eq.  ( 3 . 7 . 5 )  may be  w r i t t e n  a s
w h i ch  i s  a  l i n e a r  f u n c t i o n  o f  s and  t h e  quan tum number  o f  
s p a t i a l  and  t i m e - l i k e  r a d i a l  v i b r a t i o n  n and  n 0 .
Thus w h e n e v e r  t h e  n o n - l o c a l  ij/ f i e l d  a p p e a r s  as  an  
i n t e r m e d i a t e  s t a t e  i n  a  c o l l i s i o n  p r o c e s s ,  t h a t  i s ,  when t h e  
1J» f i e l d  i s  e x c h a n g e d ,  t h e  s c a t t e r i n g  a m p l i t u d e  p o s s e s s e s  
Regge p o l e s ,  t h e  Regge f a m i l y  b e i n g  c h a r a c t e r i z e d  by two 
n o n - n e g a t i v e  i n t e g e r s  c o r r e s p o n d i n g  t o  t h e  quantum numbers  
o f  an  0 ( 4 )  s y m m e t r i c  o s c i l l a t o r .
S e c t i o n  3 . 8 . L i n e a r i z a t i o n
I n  t h i s  s e c t i o n  we w i s h  t o  l i n e a r i z e  Eq.  ( 3 . 2 . 1 ) .  F o r  
t h i s  p u r p o s e  i t  i s  c o n v e n i e n t  t o  r e w r i t e  t h i s  e q u a t i o n  as
- s  + + 2 WU  + 2k)  + 2 u)Qn 0 .
Thus t h e  a m p l i t u d e  ( 3 . 7 . 3 )  h a s  a  p o l e  a t
Jl = a ( s , k , n Q) = ^ ( s  -  -  2k -  n Q) ( 3 - 7 . 6 )
( 3 . 8 . 1 )
where
A = p  -  1 v 5y ' y y
_#
A = p  + i v ' E,y 1 y y
(3.8.2)
and
and f o r  s i m p l i c i t y  l e t  a  = a 1 = 1.
The e q u a t i o n  may t h e n  be  f a c t o r e d  a s
(M0 -  i y * P) (M 0 + i y P )  = + P ‘
= A*A + A A* -  A*A -  A A* ( 3 . 8 . 4 )y y y y y y  y y
= ( y * A + i y ^ y A ) ( y A  -  l y ^ y ' A  )
+ ( y A  + iy^A ) ( y A  -  i y^Y 'A)
o r
C(M0 -  i y * P ) ( M 0 + i y * P )  + | ( y ' A  + i y ^ y A ) ( y * A  -  i y ^ y A  )
+ | ( y A  + i y ^ y •A ) ( y A  -  i y ^ y . A ) ] ^  = 0 .  ( 3 - 8 . 5 )
O p e r a t i n g  f rom t h e  l e f t  w i t h  (M - i y P ) - ^ and r e c a l l i n g  t h a t  
y * A,y^y * Aj e t c . ,  a n t i co m m ut e  w i t h  y P ,  y i e l d s
[MQ + i y P  + | ( y * A  + i y^A)  ('H +,j r p ) (Y<A* -  i y 5 y 5 * )
1 "* ^
+ ^ ( y -A + i y ^ y  ’ A ,' )j(j-"^j[~,. p ( y  A -  l y ^ y A ) .  ( 3 - 8 . 6 )
I n t i ’o d u c i n g  t h e  two a u x i l i a r y  s p i n o r  f i e l d s
x i  = ^  i T F p ( r A '  -  iTf5 r I * ) *
x2 ~ ^  h > i v p ( y ‘ a " S r ! ) *
( 3 . 8 . 7 )
o
t h e  e q u a t i o n  t h e n  s p l i t s  i n t o  t h e  t h r e e  l i n e a r  e q u a t i o n s
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(M + i y  * p ) ^  + — (Y*A+iYcY, ^ ) x 1 + ~ ( Y •A*+iYcY’A ) x ? = 0 
°  / 2  5 / 2  o c
(M +±y * P) Xn + — ( y *A - I y.Y-A ) 1|) = 0 ( 3 . 8 . 8 )
°  X / 2  D
(M +iY*P)Xo + — ( y *A - iYc -Y 'AH = 0
O d . D
o r  d e f i n i n g
( s ) -  ' - f i - O
( 3 . 8 . 9 )
and
M — ( y * A+iYcY'A) ~ ( y *A +iY(-Y * A )
0 / 2  b / 2  5
•  ~
M = | — ( y ’A - i Y [-y * A ) M 0
/ 2  5 °
— ( y -A- iYc-Y'A) 0 M
S2 0 0
( 3 . 8 . 1 0 )
we o b t a i n  t h e  l i n e a r i z e d  e q u a t i o n
( i r yPy + M)E = 0 ( 3 . 8 . 1 1 )
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S e c t i o n  3 . 9 . D i s c u s s i o n .
I n  C h a p t e r  1 we p o i n t e d  o u t  t h e  t e n d e n c y  o f  t h e  ba ryon '
r e s o n a n c e  s p e c t r u m  t o  obey a  mass  r e l a t i o n  o f  t h e  form 
2
M = a | J - l | + b  and  t h a t  t h o s e  r e s o n a n c e s  w h ic h  c o n f i r m e d  t h i s  
r u l e  a l s o  t e n d e d  t o  obey t h e  p a r i t y  r u l e  P = ( - l ) ^ ” ^  when 
| J —I |  i s  an i n t e g e r .  Assuming  s t r o n g  s p i n  o r b i t  c o u p l i n g  
and  t h a t  s p i n  and  i s o s p i n  a r e  s t r o n g l y  c o r r e l a t e d ,  i t  was 
t h e n  shown t h a t  t h e s e  f e a t u r e s  c o u l d  be  r e p r o d u c e d  i n  a 
c r u d e  mass o p e r a t o r  mod e l .  The t r a j e c t o r y  p r o b l e m  was a l s o  
i n v e s t i g a t e d  i n  s e v e r a l  s i m p l e  c o m p o s i t e  m o de l s  and  a l t h o u g h  
none o f  t h e s e  mode l s  p r o v e d  e n t i r e l y  s a t i s f a c t o r y ,  t h e y  d i d  
s u g g e s t  f e a t u r e s  wh ich  we re  i n c o r p o r a t e d  i n  t h e  more g e n e r a l  
mode l s  p r e s e n t e d  i n  C h a p t e r s  2 and  3*
I n  C h a p t e r  2 t h e  p h y s i c a l  b a r y o n  was v i ew ed  a s  a  s y s t e m  
c o n s i s t i n g  o f  a c o r e  and c l o u d  s t r u c t u r e .  Assuming  t h a t  t h e  
b a r y o n - m e s o n  s y s t e m  was d e s c r i b e d  by a  n o n l i n e a r  B o r n - I n f e l d  
t y p e  e q u a t i o n ;  i t  was shown t h a t  t h e  e x p e r i m e n t a l l y  o b s e r v e d  
l i n e a r  t r a j e c t o r y  c o u l d  be  r e p r o d u c e d .  The mechani sm g i v i n g  
r i s e  t o  t h e  l i n e a r  t r a j e c t o r y  was f ou n d  t o  be e s s e n t i a l l y  
p o t e n t i a l  i n d e p e n d e n t  and e s s e n t i a l l y  o u r  o n l y  r e q u i r e m e n t  
was t h a t  t h e  s y s t e m  admi t s  o f  a s i n g l e  s t a b l e  o r  m e t a - s t a b l e  
bound s t a t e .  The u n d e r l y i n g  p h y s i c a l  p i c t u r e  was t h a t  o f  a 
B o s e - E i n s t e i n  a tom and  t h e  method  o f  e x c i t a t i o n  r e s p o n s i b l e  
f o r  t h e  l i n e a r  t r a j e c t o r y  was f ou nd  t o  r e s u l t  f r om t h e  Bose 
s t a t i s t i c ,  i . e . ,  t h a t  any number  o f  mesons  c o u l d  occupy  t h e  
l o w e s t  l e v e l .  I t  was p o i n t e d  o u t  t h a t  t h e  method o f
e x c i t a t i o n  i s  l i k e  a  c o l l e c t i v e  m o t i o n ;  and  i n  t h a t  s e n s e  
r e p r e s e n t s  a mechan i sm  t h a t  i s  d i a m e t r i c a l l y  op p o se d  t o  t h a t  
o f  t h e  s i n g l e  p a r t i c l e  e x c i t a t i o n  mechan i sm  o f  t h e  q u a r k  
m o de l .  The mode l  was t h e n  e x t e n d e d  t o  c h a r g e  s p a c e  and  an 
e x p l i c i t  f o rm  f o r  t h e  s p i n  and  i s o s p i n  d e pe n d e n c e  o f  t h e  
m e s o n - b a r y o n  p o t e n t i a l  was a s sumed .  Due t o  t h e  s t r o n g  s p i n  
i s o s p i n  c o u p l i n g  t h e  r e s u l t i n g  e q u a t i o n s  were  s o l v e d  i n  t h e  
H a r t r e e  a p p r o x i m a t i o n .  Even  i n  t h i s  a p p r o x i m a t i o n  we we re  
a b l e  t o  f i t  p o s s i b l y  as  many as  e l e v e n  o f  t h e  f o u r t e e n  
p o s s i b l e  p o s i t i v e  p a r i t y  n u c l e o n  r e s o n a n c e s .
The same c l o u d  c o r e  p i c t u r e  o f  t h e  b a r y o n  was a p p l i e d  
t o  h i g h  e n e r g y  s c a t t e r i n g .  Assuming t h a t  h i g h  e n e r g y  
c o l l i s i o n s  a r e  d o m i n a t e d  by t h e  p i o n - p i o n  i n t e r a c t i o n  and 
t h a t  p i o n  c o r e  and. c o r e - c o r e  i n t e r a c t i o n s  a r e  n e g l i g i b l e  
t h e  t o t a l  c r o s s - s e c t i o n s  f o r  p i . o n - n u c l e o n  and  n u c l e o n -  
n u c l e o n  c o l l i s i o n s  we r e  e x a m in e d .  I n  t h e  c l o u d - c l o u d  
c o l l i s i o n  model  i t  was a s sumed  t h a t  t h e  c o l l i s i o n  o f  two 
n u c l e o n s  c o u l d  be  r e g a r d e d  a s  a s u p e r - p o s i t i o n  o f  t h e  b i n a r y  
c o l l i s i o n s  b e t w e e n  t h e  c l o u d - p i o n s  o f  t h e  r e s p e c t i v e  
n u c l e o n s ;  and  t h a t  t h e  T - m a t r i x  d e s c r i b i n g  t h e  c o l l i s i o n s  
c o u l d  be r e p l a c e d  by t h e  c o r r e s p o n d i n g  o p e r a t o r  d e s c r i b i n g  
t h e  p i o n - p i o n  c o l l i s i o n .  I n t r o d u c i n g  t h e  P o c k - s p a c e  r e p r e ­
s e n t a t i o n  o f  t h e  p h y s i c a l  n u c l e o n  and a s s u m i n g  t h e  t o t a l  
p i o n - p i o n  c r o s s - s e c t i o n  t e n d e d  t o  a  c o n s t a n t  h i g h  e n e r g y  
l i m i t ,  t h e  G r i b o v - P o m e r a n c h u k  r e l a t i o n  was d e r i v e d  i n  t h e  
W e i z s a c k e r - W i l l i a m s  a p p r o x i m a t i o n .  T h i s  r e l a t i o n  was f i r s t
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d e r i v e d  on t h e  b a s i s  o f  Regge p o l e  t h e o r y  u n d e r  t h e  
a s s u m p t i o n  t h a t  t h e  Regge p o l e  r e s i d u e  was f a c t o r i z a b l e  and  
l a t e r  i n  t h e  q u a r k  mode l  u n d e r  a s s u m p t i o n s  s i m i l a r  t o  t h o s e  
p r e s e n t e d  h e r e .  An e s t i m a t e  o f  t h e  a v e r a g e  number  o f  p i o n s  
i n  t h e  c l o u d  o f  t h e  p h y s i c a l  n u c l e o n  was p r e s e n t e d  and  was 
f o u n d  t o  d i f f e r  v e r y  l i t t l e  f rom e s t i m a t e s  g i v e n  on t h e  
b a s i s  o f  Chew-Low t h e o r y .
I n  C h a p t e r  3 we p o i n t e d  o u t  t h e  c l o s e  f o r m a l  a n a l o g y  
b e tw ee n  B e t h e - S a l p e t e r  a m p l i t u d e s  and  m u l t i - l o c a l  f i e l d  
a m p l i t u d e s .  Thus t h e  m u l t i - l o c a l  f i e l d  i s  e v i d e n t l y  c a p a b l e  
o f  s i m u l a t i n g  c o m p o s i t e  s y s t e m s  c o n s i s t i n g  o f  a  few con ­
s t i t u e n t  p a r t i c l e s  w h e t h e r  t h e s e  c o n s t i t u e n t s  b e ,  f o r2 Se x a m p l e ,  p a r t o n s  o r  q u a r k s .  I n  t h i s  r e g a r d ,  t h e  model  
mass s q u a r e d  o p e r a t o r  d e p e n d i n g  l i n e a r l y  on t h e  f o u r  d imen­
s i o n a l  h a rm o n i c  o s c i l l a t o r  p r e s e n t e d  i n  t h i s  c h a p t e r  i s  
a p p a r e n t l y  i n  harmony w i t h  t h e  p i c t u r e  o f  a h a d r o n  c o n s i s t i n g  
o f  q u a r k s  wh ich  ca n  n e v e r  e s c a p e  f rom t h e  ha d ron . ,  A l t e r ­
n a t e l y  one m igh t  v i ew t h e  o s c i l l a t o r  model  a s  a  one mode 
a p p r o x i m a t i o n  t o  a c o n t i n u o u s  o r  c l o u d  s t r u c t u r e  i n  t h e  s e n s e  
o f  t h e  p -wave  meson c l o u d  mode l  g i v e n  i n  C h a p t e r  2 o r  p e r h a p s  
b e t t e r  a s  a one mode a p p r o x i m a t i o n  t o  a  r e l a t i v i s t i c  s t r i n g .  
T h i s  a p p r o x i m a t i o n  c o u l d  be  i m pr ove d  by i n c o r p o r a t i n g
a d d i t i o n a l  i n t e r n a l  o s c i l l a t o r s  i n  t h e  mass s q u a r e d  o p e r a t o r .
27I n d e e d ,  i t  h a s  b e e n  shown by T a k a b a y a s h i  i n  a  r e l a t e d  
o s c i l l a t o r  model  b a s e d  on an u n q u a n t i z e d  m u l t i - l o c a l  t h e o r y  
t h a t  u n d e r  s u i t a b l e  a s s u m p t i o n s  t h e  l i m i t i n g  c a s e  o f  an 
i n f i n i t e  number  o f  i n t e r n a l  o s c i l l a t o r s  r e s u l t s  i n  a
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r e l a t i v i s t i c  s t r i n g .  The q u a n t i z a t i o n  p r o c e d u r e s  g i v e n  i n  
t h i s  c h a p t e r  would  u n d o u b t e d l y  p r o v e  i n a d e q u a t e  t o  t r e a t  
m u l t i - l o c a l  f i e l d s  i n  t h i s  l i m i t ;  h o w e v e r ,  t h e r e  a r e  i n d i c a ­
t i o n s  t h a t  q u a n t i z a t i o n  p r o c e d u r e s  c an  be d e v e l o p e d  even  i n  
t h e  l i m i t  o f  i n f i n i t e l y  m u l t i - l o c a l  f i e l d s . ^
W he th e r  V e n e z i a n o  l i k e  s c a t t e r i n g  a m p l i t u d e s  ( E u l e r  
B e t a  f u n c t i o n  a m p l i t u d e s )  c an  be d e r i v e d  f rom a  s u i t a b l y  
c h o s e n  model  b a s e d  on t h e  p r e s e n t  m u l t i - l o c a l  f ramework  
r e m a i n s  an  open q u e s t i o n .  The s i n g u l a r i t y  s t r u c t u r e  o f  t h e  
s c a t t e r i n g  a m p l i t u d e s  d e r i v e d  i n  S e c t i o n  3 -7  makes  t h e  
f u r t h e r  e x p l o r a t i o n  o f  t h i s  p r o b l e m  t e m p t i n g ,  h o w e v e r ,  due 
t o  t h e  m a t h e m a t i c a l  c o m p l e x i t y  i n v o l v e d  i n  summing e x p r e s ­
s i o n s  o f  t h e  form ( 3 . 7 - 3  ) we have  n o t  p u r s u e d  t h i s  p r o b l e m
f u r t h e r .  However ,  i f  t h e  s u c c e s s  o f  t h e  r e l a t i v i s t i c  s t r i n g
2 9model  wh ic h  h a s  b e e n  s u g g e s t e d  a s  a p h y s i c a l  b a s i s  f o r  d u a l  
r e s o n a n c e  m o d e l s , ^  may be  t a k e n  as  an  i n d i c a t i o n  t h a t  an 
i n f i n i t e  number  o f  modes i s  n e c e s s a r y  f o r  t h e  d e r i v a t i o n  o f  
V e n e z i a n o  a m p l i t u d e s ,  i t  may w e l l  be t h a t  su c h  a m p l i t u d e s  
c an  o n l y  be  o b t a i n e d  i n  t h e  l i m i t  o f  i n f i n i t e l y  m u l t i - l o c a l  
t h e o r i e s .
A l t h o u g h  o u r  p r i m a r y  a im i n  t h i s  c h a p t e r  ha s  n o t  b e e n  
t o  make a s e r i o u s  a t t e m p t  t o  f i t  e x p e r i m e n t a l  d a t a ,  t h e  
c r u d e  model  o f  p ro t cn -p ro to n  s c a t t e r i n g  p r e s e n t e d  i n  S e c t i o n  
3 .6  y i e l d e d  s u b s t a n t i a l l y  t h e  same r e s u l t  a s  t h e  S e r b e r  
o p t i c a l  model .  Thus t h e  s i m p l e  o s c i l l a t o r  model  may n o t  be 
i n  c o n f l i c t  w i t h  p r e s e n t  h i g h  e n e r g y  e x p e r i m e n t s .
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I n  c o n c l u s i o n ,  t h e  a b i l i t y  o f  m u l t i - l o c a l  f i e l d  
t h e o r i e s  t o  s i m u l a t e  b o t h  c l o u d  and  c o m p o s i t e  s t r u c t u r e s  i n  
a  c o v a r i a n t  c o n t e x t  t o g e t h e r  w i t h  t h e  r e l a t i v e  e a s e  w i t h  
wh ich  form f a c t o r s  and mass l e v e l s  may be  c a l c u l a t e d ,  f o s t e r  
o u r  b e l i e f  t h a t  m u l t i - l o c a l  f i e l d  t h e o r y  model s  w i l l  p r o v e  a 
u s e f u l  t o o l  f o r  t h e  p h e n o m e n o l o g i c a l  a n a l y s i s  o f  h i g h  e n e r g y  
e x p e r i m e n t s .
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APPENDIX 1.1
I t  I s  r e q u i r e d  t o  show t h a t
" m f  = j l  <f  l t l ** 0 *»0 >l2 's<wo ' wf >f  P x P 2
= <ip >  | t + 6 (W -H ) t  U  4. )
r e l  p°  p°  °  0 p f ^ f
“ /  <n (Po ;q )  > < n ( - p Q; ^ ) ) - - eI- - — r̂ - a J ° t ( q , l c ) d 3q(A:.
V e l ^ o ^
( 1 . 1 . 1 )
I n  t h e  c l o u d - c l o u d  c o l l i s i o n  mode l  i t  i s  a ssumed  t h a t  t h e  
c o l l i s i o n  o f  two n u c l e o n s  may be  r e g a r d e d  as  a  s u p e r p o s i t i o n  
o f  t h e  b i n a r y  c o l l s i o n  b e t w e e n  t h e  c l o u d  p i o n s  o f  t h e  
r e s p e c t i v e  n u c l e o n s  and t h a t  t h e  o p e r a t o r  T 6T i n  E q . ( 1 . 1 . 1 )  
may be  r e p l a c e d  by t h e  c o r r e s p o n d i n g  o p e r a t o r  d e s c r i b i n g  
t h e  p i o n - p i o n  c o l l i s i o n .  Under  t h i s  a s s u m p t i o n  ( 1 . 1 . 1 )  may 
be  w r i t t e n  as
<>b . ib , 11 + 6 (W -H )t U  )'  V + Q  » f'+o 1 I o o 1 y+ o  v-*0 '
P 1 P 2 P1 P 2
= E E / d 3q M 3q d 3K ' d 3K <♦ , | a* l “ l > < ° l l a »  l **o>
a- , a~  8 D-, o '  a D-,' 1 2
x <* o ' l a l  l a2><a2 l a^l^ o X ? 1̂ ’ I t nnl e X e l ^ ! ^  >P 2 k '  k p 2
x 6(W0 - - W6) (1.1.2)
6H
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where  | a )  = | p , q ^ . . . q n ) a r e  b a r e  s t a t e s  d e s c r i b i n g  a b a r e
n u c l e o n  o f  momentum p t o g e t h e r  w i t h  n p i o n s  o f  momentum 
q , . . . q  . The sum Z i s  u n d e r s t o o d  t o  i m p l y  a  sume o v e r  n as
J- II  rv
w e l l  a s  an  i n t e g r a t i o n  w i t h  r e s p e c t  t o  p , q ^ . . . q  .
1 = 1 / d 3p d 3q v . . d 3q . ( 1 . 1 .
a n
The sum o v e r  6 i s  t h e  sum o v e r  a l l  p o s s i b l e  f i n a l  s t a t e s
r e s u l t i n g  f rom t h e  p i o n - p i o n  c o l l i s i o n s  and  a + , a  a r e  p i o n
& it
c r e a t i o n  and  a n n i h i l a t i o n  o p e r a t o r s .  Now l e t  us  i n t r o d u c e  
an A d i a b a t i c  D r e s s - u p  O p e r a t o r  by
| ^  > = U(0 , -°° )  | p  )
Po
x I1(Hp ( x 1 ) . . .Hp ( x n ) )
a ( 0 )  n
= 1 -  i  /  d x T (x ) (1.1.4)
so t h a t
< P , q 1 . . . q n |iC  ̂ > = < p , q 1 - . . q n |U |p Q ) (1.1.5)
and  t h e  r e l a t e d  o p e r a t o r ,  U, i s  d e f i n e d  by
where p r e p r e s e n t s  p + q,  + . . . q
( 1 . 1 . 6 )
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E q u a t i o n  ( 1 . 1 . 2 )  may t h e n  be  r e w r i t t e n  a s
E / d 3q Td 3q d 3k ' d 3k ( p °  |U+a* I O < a ,  | a  U | p ? >
1 q '  1 1 q 1
x < p ° T | U a ^  | a 2 ><o2 | a kU|p°> <q' ic'  11 +n | g ) <8 11 nn | qic >
x 6 ( W -  W -  W -  W )0 a 1 a2 g
x « ( 3 5 ( ^ ' - 5 a i ) « ( 3 > ( P J - q - J a i ) 6 ( 3 } ( '  -  J ' - 5 a 2 ) « ' 3 f t ^ - i f - p  >
x 6 ^ 3 ^( q» +] <» - pB) 6 ^ 3 ^ ( q + 5 - p B) . ( 1 . 1 . 7 )
I n t r o d u c i n g  new v a r i a b l e s  by
+ O ' - o  . *1 o ’
-4
-0




p l P 1 2 P2 = P 2
4° 4 .  i  4 ,
4  q ’ = 3 + 4  = K + 4
- 4  5 = 3 - 1  ii = k -  ” 2
t °  . . . X ,  . *  t
2
( 1 . 1 . 8 )
The p r o d u c t s  o f  d e l t a  f u n c t i o n  i n  ( 1 . 1 . 7 )  may be  w r i t t e n  as
« (3) ( p ° ' - q ’ - p  ) « (3><pJ- q-P0 ) = 6(3>( p ° ’ - p j - q ' - +5)
x « ( 3 ) ( p ° - q - p  )
l
= « ( 3 ) ( 5 ° - 2 1 ) s <3 ) ( 5 ° - 3 _ 5  ( 4° - 4 i ) / 2 )
= « ( 3 ) ( 4 i - 4 1 ) 5 ( 3 > (P° -3 -po ,  ) .  ( 1 . 1 . 9 )
I n  t h e  same f a s h i o n  we h a v e
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««3> « ( 3 > ( 5 | - S - S #,a > -  5 ( 3 ) ( l ° - J 2 ) 5 ( 3 ) ( ^ - i - P a 2 )
6(3)(q’+S'-Pe)«(3)(q+S-Pe) - «t3)(I1+J2)S(3)(5+R-5g)
( 1 . 1 . 1 0 )
I n s e r t i n g  ( 1 . 1 . 9 )  and  ( 1 . 1 . 1 0 )  i n t o  ( 1 . 1 . 7 )  and  I n t e g r a t i n g  
o v e r  and  o m i t t i n g  a d e l t a  f u n c t i o n  o f  o v e r a l l  momentum
c o n s e r v a t i o n  6 (A° + A2 ) Eq.  ( 1 . 1 . 7 )  r e d u c e s  t o
E / d 3Qd3KS(W -W -W -W„) o °  a-, a,-. g 'a-^a2 g 1 2
X / m̂ -L. A I I \ In _>.TT A\x ( 3) /^O<p°+ 2 |U a ^ + ^ | a 1 X a 2 | a ^  | U | p ° -  2 >S ^ ( p J - S - P ^ )
x <P2“ f lu+a±  ̂I ot 2 ̂  ̂  012 I a— AUlp2+ f  ̂ 6 3̂^P2_̂ ~Pa ^
x (Q+ | , K -  f | t J n |B > < B | t ni I |Q-  | , K +  | > 6 ( 3 ) ( ^ +K -p 3 ) ( 1 . 1 . 1 1 )
o r  p u t t i n g  A e q u a l  t o  z e r o  we have
— — —
= E / d 3Qd3K ( p ° | U a t | a 1 ) < a i | a  U | p ° ) 6 ( 3 ) ( p ° - ^ - p a )
Q y i
2 -  -  -y
x <p° |U+a t | a 2 ) <a 2 | a ±U | p ° ) 6 ( 3 ) ( p ° - K - p a )
K K 2
X <^K| t ^ n | B> <B I t nn I Sic >a (Q+K-p )
x 6 (Wo -  w ^ -  \ i a -  Wg ) .  ( 1 . 1 . 1 2 )
Now l e t  us  c o n s i d e r  t h e  m a t r i x  e l e m e n t
< o , | a  U |p °  ) ( 1 . 1 . 1 3 )
Q
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i f  we d e f i n e
E q u a t i o n  ( 1 . 1 . 1 3 )  may be  e x p r e s s e d  as
i
<“ l l Y l P ? > =  <al l ag E0-H0 t l n T lP?> 0 . 1 . 1 5 )
b u t  s i n c e
T a . H 1 = a  _
5 §
[ , q ] ^ e ^  ( 1 . 1 . 1 6 )
o r
a H = (H + EJ a _> ( 1 . 1 . 1 7 )
Q °  Q Q
we have  by i n d u c t i o n
V o  -  ( Ho  + V % -  ( 1 . 1 - 1 8 )
Thus f o r  any f u n c t i o n  o f  Hq d e f i n e d  by a power  s e r i e s  we 
have
a ^ f ( H o ) = f ( H o + e ^ ) a ^  ( 1 . 1 . 1 9 )
mak ing  u se  o f  t h i s  r e l a t i o n  Eq.  ( 1 . 1 . 1 5 )  may be  w r i t t e n  a s
( “ d  E -  H -  e + I n  a * T l p ° )
°  °  3 «
= E -  W 1 -  e <“ i l a * T IP°> ( 1 . 1 . 2 0 )
°  °1 5 3
we t h e n  have  ± 0
,  m i a  T|p5 >|2
<pO|u+a ^ | a  > < o , | a  U | p ° >  = -----------S —  ( 1 . 1 . 2 1 )
Q 5  (E -W - e ) 2
° “l 5
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+ | < a ? | a ±T | p ° )  | 2
<Pp |U a l | a  ><a? | a + U | p °  > = ----------- ±-------- =— . ( 1 . 1 . 2 2 )
* K K (E -W - e .)
°  “ 2 K
Note  t h a t  Eq.  ( 1 . 1 . 2 1 )  and ( 1 . 1 . 2 2 )  a r e  s h a r p l y  p e a k e d
a r o u n d  e - E -  W and  e_v. = E^ -  W w h e r e a s
5 0 “ l  K 0 “ 2
£ | < 3 R |t j II|6>|2 S ( 3 ) ( 5 + K + P s ) « ( W 0- W ci - W o - W  ) (1.1.23)
3 1 2 .
i s  a s l o w l y  v a r i n g  f u n c t i o n  o f  W and  W . Of c o u r s e ,
a l  a2
E^ -  W -  e c an  n e v e r  v a n i s h  b u t
a l  5
n
E — W — e = E — E — I £„
° “i 5 0 p i=i 9i
= / p 2+M2 -  / p 2+M2 -  £ ^ 2+p2 (1 .1 .21 ) )
w i l l  be  s m a l l e r  and  s m a l l e r  as  t h e  e n e r g y  i n c r e a s e s .  I n
o r d e r  t o  s e e  t h i s  l e t  us  c o n s i d e r  t h e  s p e c i a l  c a s e  when 
:£.x -> -v
p , p  and Q. a r e  p a r a l l e l  and
O y  1
P = otQPo ^  = a ^  0 << 0L± < 1.  ( 1 . 1 . 2 5 )
n
Momentum c o n s e r v a t i o n  t h e n  r e q u i r e s  t h a t  I a .  = 1.  We t h e n
i = 0  1
have
E -  W -  en = | p  | + - S ? ----------s f —
“1 9 ° 215 I 2a |p1 ^O 1 o 1 o
-  ? ( “ i l p 0 l + T r ~ l )l  2 a . pi  1 ^o 1
= Ip0 I “ E ,a i l P 0 l + - ; i ~ .  "--a------Z + - - -°  1=0 1 °  2 1 p Q | o i  a i
T h e r e f o r e  ( 1 . 1 . 2 1 )  and  ( 1 . 1 . 2 2 )  ha v e  p o l e s  n e a r  t h e  p h y s i c a l '  
r e g i o n s  (W e iz s ac k e r -W i l l i a m s  p o l e ) .  Now l e t  u s  i n t r o d u c e  t h e  
W e i z s a c t e r - W i l l i a m s  A p p r o x i m a t i o n .  The W e i z s a c k e r - W i l l i a m s  
A p p r o x i m a t i o n  i s  e s s e n t i a l l y  t o  r e p l a c e
by
V V V ^  = (V V  + (Eo " Wa 2 ) “ Wg < 1 . 1 . 2 6 )
e.  + -  W_. ( 1 . 1 . 2 7 )
3 K 3
E q u a t i o n  ( 1 . 1 . 1 2 )  t h e n  r e d u c e s  t o
= { z l ^ l a  0 | ; ° > | 2 s ( 3 ) ( p ° - 5 - 5 o )
a x Q “ l
+  -»■
X E | <a  | a ±U | p ? > | 2 6 ( 3 ) ( p ° - E - p  ) x d 3Qd3K
ag K * a 2
x Z | <B 11 | § K > | 2 S( 3 ) (§+K-p ) 5 ( e  +e+-WR) ( 1 . 1 . 2 8 )
B 3 3 K 3
o r  mak ing  u se  o f  t h e  r e l a t i o n
<n ( p  , q ) >  = z |< a | a ^ U |p o ) | 2 6 ( 3 ) ( ^ ?- 5 )  ( 1 . 1 . 2 9 )
a q
where  <n(pQ, q ) )  i s  t h e  w a v e r a g e  number  o f  p i o n s  w i t h  momentum 
q m  t h e  c l o u d  o f  a n u c l e o n  w i t h  momentum p Q} so t h a t  Eq.  
( 1 . 1 . 2 8 )  may be w r i t t e n  as
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= / d 3Qd3K<n(p°  Q)><n(p°  K)>' I* "*"
x z | < B | t  | 3 , K > | 2 6 ( i , ) ( q + k - p Q) . ( 1 . 1 . 3 0 )
g  P
But  by d e f i n i t i o n
• !5‘  = 7; -; " (q ;k )  J l < e | t n n l5 ^ V ^ W - p , ) .  ( 1 . 1 . 3 1 )
T h e r e f o r e
(iK \p±  11+ 6 (W -H ) 11 ip+ ip+ ) 
” 0 0  ~ o  ~ o
Pq P 2 Pq P 2
= / d 3Qd3K < n ( p ° , Q ) > < n ( p ° , R )  )
x % 0 ^ ( 3 , K) ( 1 . 1 . 3 2 )
( 2 J l ) q n n
o r  mak ing  u se  o f  ( 1 . 1 . 1 1 )  we hav e
0NSt < P o > '  Jd3Qd%<n(g0 , § ) ) < n ( - p 0 , f ) ) - ' r e 1 ^ ’ * ^ ( Q R ) ,
^ i ' P o . - P c '  ( i .  i .  3 3 )
wh ich  i s  t h e  d e s i r e d  e q u a t i o n .  Now by a s s u m i n g  0 ^°^  i s  a 
s l o w l y  v a r y i n g  f u n c t i o n  o f  ^  and  K we have
v r e l (<3 > , ( h )
vr e l ^ p o , - p o'* 
x J d 3Q<n(p ,Q)> Jd 3K<n( -p  ,K)>
t o t , - *  \ „ r e l  N t o t  /
aNN ( p o } f -f -* \ a nn (< 3 > ’ <K>>
*
F o r  a  d e f i n i t i o n  o f  <e ) s e e  s e c t i o n  1 . 2  o f  t h i s  a p p e n d i x .
We t h u s  o b t a i n
o J ^ V )  * ( n t O ) ) 2, , ^ - ) .  ( 1 . 1 . 3 5 )
APPENDIX 1 . 2  
A v e r a g i n g  P r o c e s s
The a v e r a g e  number  o f  p i o n s  o f  momentum q i n  t h e  c l o u d
y.  ̂ y
o f  a  p h y s i c a l  n u c l e o n  o f  momentum p Q, <n ( p Q, q ) ) , and  t h e  
a v e r a g e  number  o f  p i o n s  acc o m pa n y i n g  t h e  n u c l e o n ,  < n ( p Q)> 
a r e  g i v e n  i n  t e r m s  o f  t h e  T - m a t r i x  i n t r o d u c e d  i n  Eq.  ( l . l . l M )  
o f  Append ix  1 . 1  as
,  ,  1 l < P » 5 2 * ** ^ n l a dT IPo>l<n(p  , q ) >  = j / d  pd q„ . . . d q ------------------------ 3------------- = -
2 n ( E  - E ^ - e ^  - e  ) 2
P q 2 Qn
x 6 ^ ( p Q -  p -  q 2 . . . - q n -  q)  ( 1 . 2 . 1 )
and
<n ^P0 ) ) = / <n(P0 , q ) ) d 3q
, 3 3 3 3 U P»q2 • • • qn I Ip 0 ) I
= E | d  pd qd q ? . . . d q --------- ^------- 2__3------2------
n * (E -E  - e  . . . - e  - e  )o -*• -> ->• ■*
p q 2 q n q
2
 ̂ ( 1 )   ̂-v -v -> -> ->,
* 6 ( p q -  p  -  q 2 * • • -  q n  -  q )
j . ->■ *-v ->■ | _  I »
. q q q I <p,q-, , q P* • - qn | T | p  )
= En/d pd q ,  . .   — ----  2 _
n (E -E - e  . . . e - > )o ±  qP q-  ̂ Mn
x S ^ ( P 0 -  P -  51 * . . -  5n ) ( 1 . 2 . 2 )
r e s p e c t i v e l y .  E q u a t i o n  ( 1 . 2 . 2 )  may be  r e w r i t t e n  i n  t e r m s  o f  
t h e  i n v a r i a n t  M i l l e r  m a t r i x  d e f i n e d  by
73
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+ _ _ + 2 l < M r - - q j M | p  > | 2
| < p , q r . . q n | T | p o >| = E~E e " . V . i -----------  ( 1 ’ 2 ' 3)
o -*■ -*■ -+
P q x qn
as
< n ( g o ) > .  ^  £n ;  &  ^ 1. .  j j P ^ W o ?  I,,;
°  Eo n E+ e-> e+ (E -E - e  . . . - e  ) 2
P Ql  Qn o p q x q n
X 6^3 ^ ( p o -  P -  q ^ . . -  qn ) ( 1 . 2 . 4 )
a s  can  be  s e e n  by I n s p e c t i o n  o f  Eq.  ( 1 . 2 . 4 )  < n ( p Q) ) I s  n o t  a 
L o r e n t z  I n v a r i a n t  e x p r e s s i o n .  However ,  i f  we d e f i n e
<n (p Q) > = E J <n(po , q ) ) ^ ^  = J< n (p  , q ) > d 3q
q
_ „ , d 3g <j 3d d 3 q 2 d3qn l < p . 3 , q 2 - - - q n |M |p0 ) | 2
J O 77 * " * —- -
n e p eq„ eq (E -E - e  . . . e - e  )q 2 ^n  o p q 2 q n q
„ (3)  /-> -> ->■ -+■ ->• xx 6 ( p o -  p -  q 2 . . . -  qn -  q)
_ _ f d ‘tq i ( , ° ( P o - p - q 2 . . - q n - q )  ^  d 3q_, d 3q
n J P . . P J F.
n
n e 2 (q - e  ) 2 Ep eq~ eqq ^o q y ^ ^ 2 .  Mn
x | < P , q , q 2 . . . q n |M | p o ) | 2
40 . d 3q„ d 3q2 Mn
•  •/ 2 2 % 1 E e en (q +y ) • P q 2 qn
x I <P,5,Qp« - . q ^ l M | p  > | 2 5 ( i4) (p -  p -  q -  q 9 . . . ~  q ).*n 1 1 *o ' 1 u VKo H 44 M2 ' ' ' Hn'
( 1 . 2 . 5 )
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As can  be  s e e n  by i n s p e c t i o n ,  t h e  l a s t  e x p r e s s i o n  i n  Eq.
( 1 . 2 . 5 )  i s  an e x a c t l y  L o r e n t z  i n v a r i a n t  e x p r e s s i o n ;  t h e r e ­
f o r e  ( n ( p Q) )  i s  a p p r o x i m a t e l y  L o r e n t z  i n v a r i a n t .
Le t  us  now use  t h i s  a p p r o x i m a t e l y  i n v a r i a n t  e x p r e s s i o n  
t o  o b t a i n  t h e  r e l a t i o n  b e t w e e n  t h e  a v e r a g e  v a l u e s  o f  
q u a n t i t i e s  compu ted  i n  t h e  s y s t e m  i n  wh ich  t h e  p h y s i c a l  
n u c l e o n  h a s  momentum p Q and t h e  c o r r e s p o n d i n g  a v e r a g e  
q u a n t i t i e s  computed  i n  t h e  r e s t  f r ame  o f  t h e  p h y s i c a l  
n u c l e o n .  L e t  us  f i r s t  compute  ( n ( p Q)> a s
< n ( P0 )> = gf- J <n(po , q ) ) e  d 3q 
o H
” eT" / < n ( 0 , q * ) ) d 3q*-jYp(e #+v-q* )
o q .
= i  / < n ( 0 , q * ) > d 3q * ( e  *+v*q*)  ( 1 . 2 . 6 )
q
w he re  v = PQ/ E 0 and we have  u s e d  an a s t e r i k  t o  d e n o t e  
q u a n t i t i e s  i n  t h e  r e s t  f r ame  o f  t h e  p h y s i c a l  n u c l e o n .  I f  we
assume t h a t  ( n ( p Q, q ) )  i s  s y m m e t r i c  i n  t h e  r e s t  f r ame  o f  t h e  
p h y s i c a l  n u c l e o n  we t h e n  have
< n ( p Q)> = |  / < n ( 0 , q * ) ) d 3q*e *
q ( 1 . 2 . 7 )
= I  /  <n ( 0 j Q* )> d 3q* = < n(  0 )> .
Thus t h e  a v e r a g e  number  o f  p i o n  i n  t h e  c l o u d  o f  a  p h y s i c a l  
n u c l e o n  i s  a p p r o x i m a t e l y  i n v a r i a n t .  I n  t h e  c a s e  o f  a 
p h y s i c a l  n u c l e o n  o f  v e r y  l a r g e  momentum p ( | ^  | = l )  we o b t a i n
i n  e x a c t l y  t h e  same f a s h i o n  t h e  f o l l o w i n g  e s t i m a t e s :
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5 t f f t :  1 d q < n (p o ’ q HO <n(p0 )>
= k  i * 3 « - r P o A ) > 4
■ W T 7  ^  / d V < " ( ° . 5 # ) ) ^ ( e % F 0 - q * ) 2 
-  ^ « e * >  + | < 5 , 2 / , , »
<3'1>P0 = fo<P0 »  1 d <J E^<n(P0 .3» eq3x = 0
^ > 5  °  7  U  /  d 3 q ^ < n ( P 0 ,q)> eqq,|
o < n ( p 0 )> o 4
-*■
POr / * \ l / + * (21 -jjj-C <e ) + 3 < q / E > ]
and
< *>_. -  <5n>. « . * >  + |  <q*2/ E* ) ) 2 -
o
( 1 . 2 . 8 )
( 1 . 2 . 9 )
( 1 . 2 . 1 0 ) 
( 1 . 2 . 1 1 )
Where q± and  q„ d e n o t e  r e s p e c t i v e l y  t h e  component s  o f  t h e  
p i o n  momentum wh ich  a r e  p e r p e n d i c u l a r  and p a r a l l e l  t o  t h e  
momentum o f  t h e  p h y s i c a l  n u c l e o n  p .
Table 1
n -n  n-N n- n
1 .0 7 4 .2 4 1 0 . 1
a e l (mb) 4 . 3 9 + 0 . 3 2 9 . 6 4
0 . 06 5 0 .166 0 . 2 5 7
o t / a , ,e l  t o t 0 . 1 7 2 ± 0 . 0 3 7 0 . 2 4 4 + 0 . 0 1 2
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Table 2
E x p e r i m e n t a l  L e v e l s  P r e d i c t e d  L e v e l s
I (JP ) M2 I (JP ) Y L M2
N(940) 1 / 2 ( l / 2+ ) . 8 8 1 / 2 ( l / 2+ ) 0 0 .4
A( 1 2 3 6 ) 3 /2 ( 3 / 2 + ) 1 . 5 3 3 /2 ( 3 / 2 + ) 0 1 1 . 5
N ( l 4 7 0 ) 1 / 2 ( l / 2+ ) 2 . 1 6 1 / 2 ( l / 2 + ) 1 0 2 . 6
0000VO 
1—iS3 1 / 2 ( 5 / 2 + ) 2 . 85 1 / 2 ( 5 / 2 + ) 0 2 2 . 6
N ( I 7 8 O) 1 / 2 ( l / 2+ ) 3 -17 1 / 2 ( l / 2 + ) 2 0 4 . 8
N ( i 8 6 0 ) 1 / 2 ( 3 / 2 + ) 3-46 ------ ------ - - ------
A(1890) 3 /2 ( 5 / 2 + ) 3 .5 7 ------ ------ - - --------
A(1910) 3 /2 ( l / 2+ ) 3 . 6 5 ------ ------ - - ------
A(1950) 3 /2 ( 7 / 2 + ) 3 . 8 / 3 /2 ( 7 / 2 + ) 0 3 3 .7
N( 2 2 2 0 ) 3 /2 ( 9 / 2 + ) 4 . 9 %  , 1 / 2 ( 9 / 2 + ) 0 4 4 . 8
A(2420) 3 /2 ( l l / 2 + ) 5 . 8 6 3 /2 ( l l / 2+ ) 0 5 5 .9
-------- ------ ------ ------ 1 / 2 ( 1 3 / 2 + ) 0 6 7
A( 2 8 5 0 ) 3 /2 ( 1 5 / 2+ )* 8 . 1 2 3 / 2 ( 1 5 / 2 + ) 0 7 8 . 1
N ( 3030) 1 / 2 ( ? ) 9 . 1 8 1 / 2 ( 1 7 / 2+ ) 0 8 9 . 2
A( 3 2 3 0 ) 3 /2 ( 1 9 / 2 + )* 1 0 . 4 3 /2 ( 1 9 / 2+ ) 0 9 10 .3
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